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ABSTRACT 

We use deep Chandra imaging and an extensive optical spectroscopy campaign on the Keck 10-m 
telescopes to study the properties of X-ray point sources in two isolated X-ray selected clusters, two 
superclusters, and one 'supergroup' at redshifts of z ~ 0.7 — 0.9. We first study X-ray point sources 
using the statistical measure of cumulative source counts, finding that the measured overdensities are 
consistent with previous results, but we recommend caution in overestimating the precision of the 
technique. Optical spectroscopy of objects matched to X-ray point sources confirms a total of 27 
AGNs within the five structures, and we find that their host galaxies tend to be located away from 
dense cluster cores. More than 36% of the host galaxies are located in the 'green valley' on a color 
magnitude diagram, which suggests they are a transitional population. Based on analysis of [O II] and 
H5 line strengths, the average spectral properties of the AGN host galaxies in all structures indicate 
either on-going star formation or a starburst within ~ 1 Gyr, and that the host galaxies are younger 
than the average galaxy in the parent population. These results indicate a clear connection between 
starburst and nuclear activity. We use composite spectra of the spectroscopically confirmed members 
in each structure (cluster, supergroup, or supercluster) to separate them based on a measure of the 
overall evolutionary state of their constituent galaxies. We define structures as having more evolved 
populations if their average galaxy has lower EW([0 II]) and EW(H<5). The AGNs in the more evolved 
structures have lower rest-frame 0.5-8 keV X-ray luminosities (all below 10 43 3 erg s _1 ) and longer 
times since a starburst than those in the unevolved structures, suggesting that the peak of both star 
formation and AGN activity has occurred at earlier times. With the wide range of evolutionary states 
and timeframes in the structures, we use our results to analyze the evolution of X-ray AGNs and 
evaluate potential triggering mechanisms. 

Subject headings: Galaxies: active — Galaxies: nuclei — Galaxies: clusters: general — Galaxies: 
evolution — X-rays: galaxies 



1. INTRODUCTION 

In recent years, research has illuminated a link be- 
tween active galactic nuclei (AGNs) and the evolution 
of their host galaxies. Studies have found that a galaxy's 
central black hole mass is correlated with the mass 
of the central bulge (e.g.. iFerrarese fe Merrittl 120001; 
Gebhardt et al.ll2000t iTremaine et al.ll2002t iShields i et al l 
20031: IMarconi fe HuntlT200a IHaring fe Rhd 12004ft . In 
the local universe, high-luminosity AGNs are preferen- 
tially fou nd in early- type galaxie s with young mean ste l- 
lar ages (jKauffmann et all 120031 : iHeckman et all 120041 ). 
As the redshift increases, the cosmic rates of both star 
formation and AGN act ivity increase (|Bovle fe Terlevichl 
119981: iBhick et aLll201lD . and, at high redshift, intensely 
star-forming sub-millimeter galaxies h ave been found to 
have an AGN fraction of ~ 20-30% ([Laird et all I20T0I: 
iGeorgantopoulos et alJ[201lT l. 

The connection between AGNs and host evolution is 
also observed in optical colors. Studies have shown that 
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galaxies are organized based on rest-frame color, sepa- 
rating into a 'red sequence' and a ' blue cloud' on a color- 
magnitude diagram (CMP; e.g. , iStrateva et al.l 120011 : 
iBaldrv et all 120041: iWeiner et all I2005D . The~sparselv 
populated 'green valley' between these regions is thought 
to be a transitional area, where blue cloud galax- 
ies are rapidly migrating onto the red sequence after 
the cessation of star formation (jFaber et al.l 120071) . A 
proposed mechanism for this quick transition is AGN 
feedback, where the AGN activity, driven by major 
mergers or tidal interactions, causes a truncation of 
star formation and leads to the color evolution onto 
the red sequence (IHopkins et al.l 120051: ISpringel et al.l 
12001 iHopTins et al l 120071: ISomerville et al.l 120081 ). This 
theory is supported by a number of studies which 
find an associ ation between AGN activity and the 

s et al.l 
2009b; 
How- 



2008; ISilverman et al. 


20081 


Kocevski et al. 


Hickox et al.l 120091 ISchawinski et al. 2009). 



ever, some studies using mass-selected samples have 

found a more uniform colo r distributi on of AGN 

hosts (ISilverman et al.l l2009bl: iXue et al.l 120101) . In 
addition. iCardamone et af. I (|2010D~ have found that ~ 
75% of green valley AGN hosts are dust-reddened 
members of the blue cloud, although these results 
are a pparently in c o nflict with the more recent stud- 
ies of Ro sario et al.l (| 2 1 If ) . Studies examining AGNs 
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for recent m erger activity have also found mixed 
results (e.g.. iSanchez et all 120051; iPierce et all 120071: 
IGeoreakakis et alj|2008t IKocevski et alj|2009al 12012ft . 

iMenanteau et al.l (2001) offer an alternative to major 
merger driven AGNs, where AGNs are instead triggered 
by minor mergers, mainly in red galaxies. Star formation 
in this scenario would only be briefly re-ignited at the 
cores of many of these systems and the galaxies would re- 
turn to the red sequence after its cessation. These AGNs 
would then represent a red sequence population evolv- 
ing in luminosity space rather than blue cloud galaxies 
migrating onto the red sequence. In support of this the- 
ory, several studies have found AGN activity associated 
with blue early-type galaxies or red gal axies with blue 
cores tiLee et alj|2006t iMartel et al.ll2007t IKocevski et al.l 
|2009bJ). Additionally, iCiotti fc Ostrikerl ([20071) propose 
that recycled stellar material in elliptical galaxies could 
fuel central starbursts and black hole accretion. Without 
precise observations of morphologies, the effects of these 
two models would appear similar. 

Other plausible models exist as well, some important 
only in ce rtain regimes. For exa mple, at high redshift 
(z > 2), iBournaud et al.l ([201 lft propose that violent 
disk i nstabilities could lead to po werful nuclear activity, 
while lHopkins &: Hernquistl ([2006ft present a model where 
lower luminosity AGNs could be triggered by mild disk 
instabilities or gas funneled through bars. Note that the 
properties of individual AGNs are widely varying, and it 
could be the case that any number of modes contribute to 
AGN triggering, with different contributions in different 
mass and/or redshift regimes. 

To better understand how AGN are triggered and the 
role they play in galaxy evolution, it is useful to study 
large-scale structures (LSSs) at high redshift. These 
environments contain a large number of galaxies in 
the process of transitioning from actively star-forming 
to passive, and there is evide nce that nuclear activity 
increases at higher redshifts dBovle fc Terlevichl 119981: 
Eastman et~aHl2007t iKartaltepe et alj|2007t iBluck et al.l 
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To this end, we have examined the X-ray selected AGN 
population within five LSSs at redshifts of z w 0.7- 
0.9. These structures are in varying states of evolution 
and include complex superclusters, an interacting super- 
group, and isolated clusters. Each has been studied ex- 
tensively by the Observations of Redshift Evolution in 
Large-Scale Environments (ORELSE) survey, which is 
searching for LSSs in the vicinities of 20 known clusters 
between z = 0.6-1.3. The survey has compiled extensive 
multi-wavelength datasets for each structure, which in- 
clude multi-band optical, radio, and X-ray imaging, as 
well a s thousands of spectroscopic redshifts (jLubin et al.1 
[2009ft . 

In this paper, we present analyses of X-ray point 
sources and the properties of the AGN population within 
the following five LSSs: the C11604 and C11324 su- 
perclusters at z w 0.9 and z s» 0.76, respectively, 
the C10023+0423 supergroup at z k 0.82, and two 
X-ray selected and relatively relaxed, isolated clusters, 
RXJ1757.3+6631 at z = 0.69 and RXJ1821.6+6827 at 
z = 0.84. We study this sample with a combination of 
Chandra X-ray data, optical imaging, and near-IR and 
optical spectroscopy. For our cosmological model, we as- 
sume £l m = 0.3, Oa = 0.7, and hfo = H o /70 km s _1 



Mpc" 1 . 

We discuss the clusters and superclusters in our sur- 
vey in Section[2] Observations, data reduction, and tech- 
niques are discussed in Section [3[ The global properties 
of our sample are discussed in Section 2] The statistical 
measurements of cumulative source counts are covered in 
Section [5j Analysis of the AGNs is presented in Section 

m 

2. THE ORELSE STRUCTURE SAMPLE 

In this section we describe the five structures in our 
sample, which are succintly summarized in Table [1] The 
redshift boundaries used in the following analyses were 
determined by visually examining each structure's red- 
shift histogram. Delineating where structures end is not 
straightforward, with some having associated filaments 
or possible nearby sheets. The redshift boundaries are 
chosen with the aim to include all galaxies which could 
be part of each overall LSS. 

2.1. The C11604 Supercluster 

The C11604 supercluster at z « 0.9 is one of the largest 
structures studied at high redshift. It consists of at 
least 10 clusters and groups and spans 100 Mpc 
along th e line of sight and 13 h^n Mpc in the plane of 
the s ky dLubin et al.ll2000t iGal fc Lubinll2004t iGal et al.l 
l2008tlLemaux et alj2009jr The massive member clusters 
C11604+4304 and C1 1604+4321 were fi rst discovered in 
the optical survey of iGunn et al.l ([19861 ). The proximity 
of the clusters suggested that they were components of a 
larger structure. Further wide field imaging has revealed 
10 distinct red galaxy o verdensities, sugge s ting the exis- 
tence of a supercluste r (jLubin et al.l 120001 : IGal fc Lubinl 
120041 : [Gal et al.l [2008ft . Spectroscopic observations have 
confirmed four of the overdensities to be clusters with 
velocity dispersions in excess of 500 km s" 1 , while four 
others were confirmed to be poor clusters or groups with 
dispersions in the range 300-500 k m s _1 ([Postman et al.l 
19981 f200ll: IGal et al.ll200l [2008ft . 

The two most massive clusters in C11604 have as- 
sociated diffuse X-ray emission. C11604+4304 and 
C11604+4314, hereafter Clusters A and B, have mea- 
sured bolometric X-ray luminosities of 15.76 ± 1.48 
and 11.64 ± 1.49 x 10 43 /if 2 erg s^ 1 and X-ray tem- 
peratures of 3.5 0tj;o8 and 1.64l ; 45 keV, respectively 
([Kocevski et al.ll2009aft . While these values place Clus- 
ter A on the a-T curve for virialized clusters, Cluster B is 
well off from it, suggesting that Cluster A is relaxed while 
Cluster B is not. All other clusters have only an upper 
limit on their bolometric luminosity of 7.4 x 10 43 h^Q erg 
s" 1 ([Kocevski et al.ll2009aft . 

While many galaxies in C11604 have substantial [O II] 
emission, near-infrared spectroscopy has shown that a 
significant portion of this emission is due to contribu- 
tions from low-ionization nuclear emission- lin e regions 
(LINERs) and Seyfe rts ([Lemaux et all 12010ft . Also, 
IKocevski et al.l ([20111 ) studied 24/xm selected galaxies in 
and around three clusters and three groups in C11604 
using t he Multiband Im aging Photometer for Spitzer 
(MIPS: iRieke et al"1l2004ft and found evidence for recent 
starburst activity and an infalling population. Analysis 
of the morp hologies using th e Advanced Camera for Sur- 
veys (ACS; iFord et al J 12003) on the Hubble Space Tele- 
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Table 1 

Properties of Observed ORELSE Structures 



Structure 


R.A. a 


Dec. a 


<^> 


z Lower 


z Upper 


Num. of 




Confirmed 


Confirmed 




(J2000) 


(J2000) 




Bound 


Bound 


Clusters / Groups 


R,ange b 


Members 


AGN C 


C11604 


16 04 15 


+43 16 24 


0.90 


0.84 


0.96 


10 


300-800 


531 


10 


C10023 


00 23 51 


+04 22 55 


0.84 


0.82 


0.87 


1 


200-500 


244 


7 


C11324 


13 24 45 


+30 34 18 


0.76 


0.65 


0.79 


10 


200-900 


393 


6 


RXJ1821 


18 21 32.4 


+68 27 56 


0.82 


0.80 


0.84 


1 


910 ± 80 


90 


3 


RXJ1757 


17 57 19.4 


+66 31 29 


0.69 


0.68 


0.71 


1 


650 ± 120 


12 


1 



a Coordinates for C11604, C10023, and CU324 are the approximate central position of these large-scale structures, while 
those for RXJ1821 and RXJ1757 are given as the centroid of the peak of diffuse X-ray emission associated with the respective 
cluster. 

b In units of km s — x . For C10023, C11604, and C11604, this measurement is the range of velocity dispersions of groups and 
clusters within the structure. For RXJ1821 and RXJ1757, it is the dispersion of the single cluster. All velocity dispersions 
are measured within 1 Mpc. 

c Spectroscopically confirmed objects (Q = 3,4) within the rcdshift bounds of the structure; see Section |3. II for quality flag 
details. 



scope (HST) revealed that many of these 24/im bright 
galaxies were disturbed, indicating mergers and interac- 
tions were likely responsible fo r starburst activ ity. 

We refer th e re ader to iKoceyski et all (|2009al ). 
iGal et al.l (|2008t ). and lLemaux et al.l (|2012h . for more de- 
tails on the data processing, supercluster properties, and 
observations. 

2.2. CW023+0423 

The C10023+0423 structure at z k 0.84, hereafter 
C10023, was also discovered as a n overdensity in the opti- 
cal survey o flGunn et al l (119861) . The structure was later 
observed by lOke et al.l (|1998l ) using the Low- Re solution 
Imaging Spectrograph (LRIS; lOke et afl 119951 ) on the 
Keck 10m telescope, where the overdensity was resolved 
into two structures. Further study has shown that the 
structure consists of four merging galaxy groups sepa- 
rated by approximately 3000 km s^ 1 in ra dial velocity 
and ~ 0.25 Mpc on the plane of the sky (jLubin et al.1 
119981 l2009f ). The constituent groups have measured 
velocity dispersions within 1.0 Mpc of 480±170, 
430±70, 290±80, and 210±30 km s" 1 (jLubin et al.l 
2009). Simulations suggest that the groups will merge 
to form a cluster o f mass ~5x 10 14 M Q within ~1 Gyr 
(ILubin et allll998h. 

iLubin et al.l (|2009l ) found C10023 to have a large blue 
population, with 51% of galaxies bluer than their red 
galaxy color-color cut, down to an i'-band magnitude of 
24.5. Spectroscopic analysis found that ~ 80% of galax- 
ies had measurable [O II] emission, which, because of the 
large blue population, is most likely due to ongoing star 
formatioro 

We refer the read er to ILubin et al.l ((2009) and 
iKocevski etaLI (|2009cD for more details on the super- 
group properties and observations. 

2.3. The C11324 Supercluster 

The C11324 supercluster is a LSS at z « 0.76. The two 
most massive clusters in the structure, C11324+3011 at 
z = 0.76 and C11324+3059 at z = 0.69, were fi rst discov- 
ered in the optical survey of lGunn et al.l ([1986). Because 
of the proximity of the clusters on the sky and in redshift 
space, this structure was chosen for the ORELSE survey 



Table 2 

Spectroscopic Observation Characteristics 



Sructure 


Central 


Approx. Spectral 




A (A) 


Coverage (A) 


C10023 


7500-7850 


6200-9150 


C11604 


7700 


6385-9015 


C11324 


7200 


5900-8500 


RXJ1821 


7500-7800 


6200-9100 


RXJ1757 


7000-7100 


5700-8400 



to investigate the possible existence of structure in the 
field. Wide-field imaging has revealed a total of ten clus- 
ters and groups, detected through red galaxy overdensi- 
ties, and, despite extensive spectroscopy, only four have 
been spectroscopically confirmed as constituent clusters 

or groups (see Gal et al. 2012, in preparation) . 

C113 24+3 011 was pre v iously studied in ILubin et al.l 
(|2002fl and ILubin et all (|2004f ). where a velocity dis- 
persion of 1016tg3 6 km s _1 and a temperature of 
2-88lg;4g keV, using XMM-Newton, were measured for 
the cluster. According to these measurements, the clus- 
ter does not fall close to the a-T curve for virialized clus- 
ters, which would imply that it is not well relaxed. New 
Chandra results for C11324 are presented in N. Rum- 
baugh et al. (2012, in preparation), including new X-ray 
temperatures for C11324+3011 and C11324+3059. In ad- 
dition, we present here updated velocity dispersions for 
these two clusters of 930 ± 120 and 870 ± 120 km s -1 , 
respectively. The new measurements place Cll 324+30 11 
closer to the a-T curve for virialized clusters, only offset 
by ~ lcr. While the older measurements suggested the 
cluster was not relaxed, the new measurements are more 
consistent with virialization. Similarly to C11324+3011, 
Cll 324+3059 is offset from the curve, but still by less 
than la. 

The photometric and spectroscopic observations of the 
Cll 324 supercluster will be covered in full in R. R. Gal 
et al. (2012, in preparation). In this paper, we present 
redshift histograms of the full structure and velocity dis- 
persions for the four confirmed groups and clusters, as 
well as the Chandra observations. 



5 Refer to Section [4] for a discussion of [O II] emission. 



2.4. RX J '1821.6+6827 
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Table 3 

Numbers of Spectroscopic Targets, X-ray Sources, and Member Galaxies 



Structure 


Spectroscopic 


Spectroscopic 


X-ray Sources, 


X-ray Sources, 


Attempted 


Confirmed 




Targets 


Redshifts a 


>3cr (>2cr) b 


Matched 


Redshifts d 


Redshifts a 


C11604 


2465 


1785 


158(213) 


112(128) 


43(48) 


38(42) 


C10023 


1136 


892 


94(133) 


58(72) 


39(49) 


26(32) 


C11324 


1419 


1155 


174(217) 


126(133) 


38(40) 


28(30) 


RXJ1821 


351 


306 


102(132) 


64(72) 


15(18) 


10(13) 


RXJ1757 


549 


421 


87(107) 


57(62) 


18(19) 


9(9) 



a Only includes redshifts with quality flag Q=-l,3 or 4; see Section [XT] for flag details. 

b Includes sources with a significance >3<r (>2c) in at least one of the three bands: soft, hard, or full. 

c X-ray sources matched to optical counterparts. 

d Includes all X-ray sources that were targeted for spectroscopy, regardless of the quality of measured 
redshift. 



The X-ray-selected cluster RXJ1821.6+6827, hereafter 
RXJ1821, at x = 0.82, was the highest redshift cluster 
discovered in the ROSAT North Ecliptic Pole (NEP) sur- 
vey, where it is also refe rred to as NEP5281 (Gioi a et al.l 
120031; iHenrv et al.l l2006). Using XMM-Newton data, the 
cluster was found to have slightly elongated diffuse X- 
ray emission with a measured bolomctric luminosity of 



l.lTtj^fx/i 



erg s and a temperature of 4.7 



+1 o 2 7 keV 



• "7a Cl s 

(|Gioia et al.ll200l . The same study measured a veloc- 
ity dispersion of 775^ ^^ km s -1 u sing 20 cluster mem- 
bers. Later analysis bv lLubin et al.l (|2009T ) used 40 galax- 
ies within 1 Mpc to measure a velocity dispersion of 
926 ± 77 km s _1 . Redshift histograms of RXJ1821 are 
characteristic of a single, isolated structure, although a 
small kinema tically associated group has been detected 
to the south (jLubin et a l. 2009). While the temperature 
and dispersion measurements place the cluster near the 
a-T relation for virialized clusters, the elongated X-ray 
emission could be indicative of still ongoing formation of 
t he cluster. 

iLubin et al.l fj2009f ) measured a blue fraction of only 
24% for RXJ1821, down to a magnitude limit of i' — 
24.5. They found a population dominated by massive, 
old (formation epoch of Zf ~ 2 — 3) galaxies, along with 
fainter galaxies that were quenched more recently. They 
also found that 36% of galaxies had detectable [O II] 
emission. Near-IR spectroscopy of a subset of these [O II] 
emitting galaxies suggests that some of the emissio n is 
due to LINER or AGN ac tivity dLemaux et al.ll2010[) . 

We refer the reader to ILubin et al.l (|2009f ) for more 
details on the data processing, cluster properties, and 
observations. 

2.5. RXJ1 757. 3+ 6631 

The z = 0.69 cluster RXJ1757.3+6631, hereafter 
RXJ1757, was discovered as part of the R OSAT NEP 
surve y, where it is also id entified as NEP200 ([Gioia et al.l 
|2003[) . iGioia et all ()2003l ) found the structure to have an 
X-ray luminosity of 8.6xl0 43 /if 2 erg s -1 in the 0.5-2.0 
keV band. The structure is dominated by a single, large 
cluster. In this paper, we present a velocity dispersion, 
redshift histograms, and analysis of X-ray point sources 
for RXJ1757, none of which have been previously pub- 
lished. 

3. OBSERVATIONS AND REDUCTION 
3.1. Optical and NIR Observations 



Ground-based optical imaging data were obtained w ith 
the Large Format Camera (LFC: ISimcoe et aLll2000( ) on 
the Palomar 5m telescope. Observations were taken us- 
ing the Sloan Digital Sky Survey (SDSS) r' , i 1 , and z' 
filters. The 5 a point source limiting magnitudes for the 
five fields ranged from 25.5-25.1, 25.0-24.5, and 23.6-23.3, 
in the r', i' ', and z' bands, respectively. 

C11604 was also imaged using ACS. The HST imag- 
ing for C11604 consists of 17 ACS pointings designed to 
image nine of the ten galaxy density peaks in the field. 
Observations were taken using the F606W and F814W 
bands. These bands roughly correspond to broadband V 
and I, respectively. 

Our photometric catalog is complemented by an un- 
precedented amount of spectroscopic data. For this part 
of the study, we used t he Deep Imaging Multi-Object 
Spectrograph (DEIMOS; fFaber et al.ll2003D on the Keck 
II 10m telescope. In addit ion, C11604 and RXJ1821 have 
some LRIS coverage (s ee IQke et all [19981 IGal fc Lubinl 
l200l IGioia et al.l 12004). DEIMOS has a wide field of 
view (16.'9 x 5.'0), high efficiency, and is able to posi- 
tion over 120 targets per slit mask, which makes the 
instrument ideal for establishing an extensive spectro- 
scopic catalog. We targeted objects down to an i'-band 
magnitude of 24.5. On DEIMOS, we used the 1200 line 
mm -1 grating, blazed at 7500 A, and 1" slits. These 
specifications create a pixel scale of 0.33 A pixel -1 and a 
FWHM resolution of ~ 1.7A, or 68 km s _1 . The central 
wavelength was varied from structure to structure and 
sometimes between different masks for the same field. 
Central wavelengths for the spectroscopic observations 
for the five fields and the approximate spectral coverages 
are displayed in Table [5J When more than one central 
wavelength was used per field, a range is given. Total 
exposure times for the observations are in the range of 
1-4 hours per mask. 

Spectroscopic targets were chosen based on color and 
magnitude. The number of spectroscopic targets in each 
field is shown in Table [3] Redshifts were determined or 
measured for all targets and given a quality flag value, 
Q, where Q = 1 indicates that we could not determine 
a secure redshift, Q — 2 means a redshift was obtained 
using features that were only marginally detected, Q = 3 
means one secure and one marginal feature were used to 
calculate the redshift, and Q — 4 means at least two 
secure features were used. Those s ources determine d to 
be stars were given a flag of -1. See IGal et al] ([20081) for 
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Table 4 

Count-rate to Flux Conversion Factors and H I Column Densities 



Structure N HI a 
(10 20 cm 



Count Rate to 
Flux Conversion, 
Soft Band b 



Count Rate to 
Flux Conversion, 
Hard Band b 



C11604 

C10023 

C11324 

RXJ1821 

RXJ1757 



1.2 
2.7 
1.1 
5.6 
4.0 



6.12 
6.37 
6.16 
8.23 
6.60 



22.2 
22.3 
22.2 
22.3 
22.2 



a Galactic neutral h ydrog en column density, using the dataset of 
IDickev & Lockmanl 0990) . 

b X-ray net count rate to unabsorbed flux conversion factor, in 
units of 10 -12 erg cm -2 . 

more details on quality flags and the spectral targeting 
method. For our analysis, redshifts with Q = —1,3,4 
were deemed satisfactory, and the number of such sources 
in each field is shown in Table (3( 

Spectroscopic data have been previously presented for 
the C11604 supercluster, C10023, and RXJ1821 as part 
of the ORELSE survey. We present new data for each 
of these structures, as well as for the C11324 superclus- 
ter and RXJ1757. We include ten DEIMOS masks for 
C11324, with exposure times ranging from 6635 s to 
10800 s, and four DEIMOS masks for RXJ1757, with 
exposure times ranging from 7200 s to 14,730 s. We 
include a total of 18 spectroscopic masks for C1160 4, 
six more than what were included in lGal et al.l ((20080 
W e include nine t o tal ma sks for C10023, four more than 
in iKocevski et al.l (|2009d) . We include t h ree m asks for 
RXJ1821, one more than in lLubin et al.l (|2009f ). Many 
of the new targets were optical counterparts to X-ray 
sources. From our measured redshifts with Q = 3 or 
4 from the new masks, we find 114 new galaxies in 
C11604 within 0.84 < z < 0.96, 104 new galaxies in 
C10023 within 0.82 < z < 0.810, and five new galaxies in 
RXJ1821 within 0.80 < z < 0.84. 

3.2. X-ray Observations 

All X-ray imaging of the clusters was conducted with 
the Advanced CCD Imaging Spectrometer (ACIS) of 
the Chandra X-ray Observatory, using the ACIS-I ar- 
ray (PI: L. M. Lubinfl. This array has a 16.'9 x 16.'9 
field of view. Some of the five structures were imaged 
with one pointing and some with two, but every pointing 
had the same approximate total exposure time of 50 ks. 
C10023, RXJ1821, and RXJ1757 were each imaged with 
one pointing of the array. C11604 and C11324, with angu- 
lar sizes in excess of 20', were observed with two pointings 
each. For C11604, the two pointings are meant to cover 
as much of the structure as possible, and there is a small 
overlap (~ 30 arcminutes 2 ). For C11324, the two point- 
ings are centered near the two largest and originally dis- 



6 See ILem aux et al. (2012)) for a detailed description of all 
C11604 spectroscopic observations and results. 

7 Note that while we define the bou nds of C10023 as 0.82 < 
z < 0.87 here, IKocevski etaH H2009d) use 0.820 < z < 0.856, 
excluding a sheet of galaxies at z ?s 0.86-0.87. In the smaller range 
of 0.820 < z < 0.856, we add 96 new galaxies. We use a wider 
redshift range in order to be consistently liberal in our structure 
boundaries. 

8 Details of the Chandra observations, such as ID numbers, are 
described in N. Rumbaugh et al. (2012, in preparation). 



covered clusters, C11324+3011 and C11324+3059. There 
is an approximately 13' gap between the north and south 
pointings. 

In this paper, we present new Chandra data for C11324, 
RXJ1821, and RXJ1757. 

3.3. X-ray Data Reduction and Photometry 

The reduction of the data was conducted using the 
Chandra Inte ractive Analysis of O bservations 4.2 soft- 
ware (CIAO; iFruscione et al.l(20 06). Each observation 
was filtered by energy into three bands: 0.5-2 keV (soft), 
2-8 keV (hard), and 0.5-8 keV (full). Data were checked 
for flares using dmextract and the Chandra Imaging and 
Plotting System (ChlPS) routine lc-dean. Exposure 
maps were created using the routine merge_all. For vi- 
gnetting correction, exposure maps were normalized to 
their maximum value, then images were divided by this 
normalized exposure map. 

To locate point sources, the routine wavdetect was run 
on each observation, without vignetting correction, using 
wavelet scales of 2 1 / 2 pixels, with i ranging from to 8. 
A threshold significance of 10 -6 was used, which would 
imply fewer than one spurious detection per ACIS chip, 
which has dimensions of 1024 x 1024 pixels (0'.'492 per 
pixel). However, this assumes a uniform background, 
which is almost certainly not the case. To measure real- 
istic detection significances, we instead used photometric 
results explained below. Point source detection was car- 
ried out on images in each of the soft, hard, and full bands 
separately. For C11604 and C11324, wavdetect was run on 
each of the two pointings separately. Output object posi- 
tions from the three different bands were cross-correlated 
to create one final composite list for each field. 

We carried out follow up photometry on the point 
sources. Circular apertures containing 95% of the flux 
were created for each point source using the point- 
spread function (PSF) libraries in the Chandra calibra- 
tion database. For Chandra, the PSF depends on both 
energy and off-axis angle. For the soft and hard bands, 
respectively, we used the PSF libraries for energies of 
1.497 and 4.510 keV. Photometry was carried out on the 
vignetting-corrected images in the soft and hard bands. 
Background counts for each source were calculated in an- 
nuli with inner and outer radii of 1.2 x Rg$ and 2.4 x R95, 
where -R95 is the radius of the circular aperture contain- 
ing 95% of the flux. Since only 95% of the flux is enclosed, 
net counts calculated from the apertures were multiplied 
by 1/0.95 to recover all the counts. Full band counts 
were calculated by summing those from the soft and hard 
bands. The results of the photometry were used to cal- 
culate detection significances for the sources in each of 
the three bands using 



ct = C/ ( 1.0 + V0.75 + B 



(1) 



where C is the net photon counts from t he source and B 
is the background counts (|Gehrelsl(l9 86). X-ray sources 
with significances < 2a were rejected as spurious. With 
~ 75% of accepted sources having detection significances 
> 3cr, and the remaining ~ 25% with detection signifi- 
cances between 2a and 3a, we expect a spurious detec- 
tion rate of < 1.5%, based on a normal distribution. 

Due to the low number of photons observed for many 
sources, we opted to normalize a power-law spectral 
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Table 5 

C11324: Properties of Confirmed Groups and Clusters 



Name 


Alt. 


R.A. 


Dec. 






a 1 


L 




Name 


(J2000) 


(J2000) 








C11324+3011 


A 


13 24 48.7 


+30 11 


48 


930 


± 


120 


C11324+3059 


1 


13 24 50.5 


+30 58 


19 


870 


± 


120 


C11324+3013 


B 


13 24 21.5 


+30 13 


10 


820 


± 


240 


C11324+3025 


C 


13 24 01.8 


+30 25 


05 


220 


± 


100 b 



a Velocity dispersion measured in km s , within 1 Mpc 
b Dispersion calculated using only eight galaxies 

model to the net count rate of individual point sources to 
determine fluxes. We assumed a photon index of 7 = 1.4, 
which is the appr oximate slope of t he X-ray backgroun d 
in the hard band (|Tozzi et al.ll2001l:lKushino et al.ll2003) . 
Count rates were calculated by dividing net counts by the 
nominal exposure time at the aimpoint of the appropri- 
ate observation. The galactic neutral hydrogen column 
density was calculated at the aim point of each observa- 
tion using the Colden tool from th e Chandra proposal 
toolki t, which uses the dataset of Dickey fc Lockmanl 
(1990). Hydrogen column densities and derived net count 
rate to unabsorbed flux conversion factors for each field 
are summarized in Table |4] Conversion factors were de- 
termined separately for the different pointings of C11604 
and C11324, but did not differ to the three significant 
figures listed in the table. 

3.4. Optical Matching 

To search for AGNs within the individual clusters, 
we matched X-ray and optical sources. In order to 
increase our completeness, the input to the match- 
ing included all point sources detected by wavdetect, 
regardless of significance in any of the three bands. 
We used t he maximum li k elihood ratio technique de- 
scribed in iKocevski et all (l2009afl. w hich was devel- 
oped bylSutherland fc Saunders! (Il992f) and a lso used by 
iTavlor et al l (12005ft andlGilmour et all (120071) . Our tech- 
nique is similar to IKocevski et al . (2009a), but with a few 
key differences. The main statistic calculated in each case 
is the likelihood ratio (LR), which estimates the proba- 
bility that a given optical source is the genuine match to 
a given point source relative to the arrangement of the 
two sources arising by chance. The LR is given by the 
equation 



Wi exp(-rf„ /2aj) 



(2) 



Here, r< j is the separation between objects i and j, <jj is 
the positional error of object jOJ and Wi — l/n(< m^) is 
the inverse of the number density of optical sources with 
magnitude brighter than mi . The inclusion of the latter 
quantity is designed to weight against matching to fainter 
optical objects. However, in our anal ysis, we found 
that th is particular weighting, used by IKocevski et al.l 
(2009a), of 1/n (< rrn) gave too much favor to bright ob- 
jects, even when they were much farther from an X-ray 
object than a faint source. We adjusted the weighting 

9 Positi onal errors of X-r ay sources were calculated using the 
method of Kim et al. (2007). Optical positional errors were small 
compared to those of X-ray objects, and were considered negligible. 



to Wi = n (< mi) 1 . We found that this change did 
not have a large overall effect but changed some border- 
line cases where a bright object with a large separation 
from the point had been chosen over a dimmer, much 
closer object. This includes one case, which prompted 
the adjustment, where spectroscopy showed that an M- 
type star was matched instead of a probable AGN, even 
though the M star was three times farther from the X-ray 
source. 

For each field, except C11604, n(< mi) was measured 
using i' magnitudes from our LFC catalogs. For C11604, 
ACS data were also available, but these observations did 
not cover the entire field. All objects were matched to the 
LFC catalogs. When possible, objects were also matched 
using the F814W magnitude from the ACS catalogs and 
matches to ACS objects took precedence over matches 
to LFC objects. 

From the LR, we use Monte Carlo simulations to de- 
rive the probability that a given match is genuine. We 
ran 10,000 trials for each X-ray object. In each trial, the 
object's position was randomized, and the LR was cal- 
culated based on nearby optical sources. The LR for a 
given X-ray object to optical counterpart pairing, LRij, 
was compared against the distribution of LRs from the 
10,000 Monte Carlo trials. We calculated the reliability 
as: 

N(LR j >LR iJ ) 
hJ 10,000 v ' 



where N(LRj > LRij) is the number of matches, to any 
optical source, across all 10,000 trials for that X-ray ob- 
ject with LR greater than LRij. Rij can be interpreted 
as the probability that optical source i is the true match 
of X-ray source j, in the case of only one optical candi- 
date. Whe n there are mu l tiple c andidates, we used the 
method of iRutledge et a l. (2000) to calculate the prob- 
ability that optical source i is the true match of X-ray 
source j as 



Ri,j IlZ&i (1 - Rk,j) 



p, 



(4) 



The probability that no optical source is the true match 
is: 



n£Li(i--ft*,j) 

s 



p„ 



(5) 



where N is the total number of optical candidates and 

S is a normalization factor defined so that Yli=i{Pij) + 
P ■ — 1 

For an X-ray source with a single optical counterpart, 
a match was considered genuine if P non e,j < 0.15. For X- 
ray sources with multiple optical counterparts, a genuine 
match was chosen if J2i P%j > 0-85 (which is equiva- 
lent to P none j < 0.15) and Pij > 4^ fe ^ P kJ for any 
one object i. If the first condition was true, but the 
second was not, all objects with Pij > 0.2 were consid- 
ered as matches. In subsequent sections, only one optical 
counterpart was considered for each X-ray source. In al- 
most all cases, the highest probability match was used. 
However, in several cases, spectra of the primary and 
secondary matches indicated that the secondary match 
was an AGN, and thus more likely to be a genuine 
match. Note that our threshold is a deviation from 
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Figure 1. Rcdshift distributions for the C11324 supercluster and RXJ1757. The first two panels include (a) all measured rcdshifts for 
C11324, with Q = 3 or 4, up to z = 1.5 and (b) zoomed in on the boundaries of the supercluster, 0.65 < z < 0.79. The lower two panels 
include (c) all measured rcdshifts for RXJ1757, with Q = 3 or 4, up to z = 1.5 and (d) zoomed in on the boundaries of the cluster, 
0.68 < 2 < 0.71 . Although some Q = 3,4 rcdshifts were measured above z = 1.5, they have been omitted from these plots. 
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iKocevski et al.l (|2009al) . They used P no ne,j < 0.2 instead 
of 0.15. We decided to use the more strin gent thresh- 
old of 0.15, which has b een used by others (|Mann et al.l 
120021 iTavlor et al1l2005h . to better limit the number of 
false matches. The more restrictive cutoff omitted < 10 
sources per field. We determined this threshold through 
visual inspection of potential matches. This calibration 
entailed determining at what approximate level of P n one,j 
most matches visually seemed spurious. However, op- 
tical candidates above our threshold were also visually 
scrutinized (< 3% of the total), and some were accepted 
after this inspection where we felt the matching algo- 
rithm had failed. Note that setting a threshold for gen- 
uine matches is not entirely objective, and a precedent 
has been s et for accomplishi ng this with visual inspec- 
tion (e.g.. iMann et al.l Il997h . In Table H we list, for 
each field, the number of X-ray sources detected at >3<7 
(>2<r) in one of the three bands, as well as the number 
of those sources matched to optical counterparts. 

4. GLOBAL PROPERTIES OF THE ORELSE STRUCTURES 

The five structures in our sample span a range of evo- 
lutionary states. They include C10023, whose four con- 
stituent groups are still in the process of merging to form 
a single cluster; the two isolated X-ray selected clusters, 
RXJ1757 and RXJ1821, which appear to be in a more 
evolved and relaxed state; and the two superclusters, 
C11604 and C11324. We would like to compare the AGNs 
within our sample based on the evolutionary states of the 
structures to which they belong, which could shed light 
on how the AGNs in these systems are being triggered. 
In order to make such a comparison, we first present the 
global properties of the five ORELSE structures. 

4.1. Redshift Distributions 

The C11604 supercluster, C10023, and RXJ1821 have 
all been studied previously as part of the ORELSE 
survey (see Section [2] for individual references), although 
we have gathered new data on each, as described in 
Section 13.11 While individual clusters in C11324 have 
been studied, the properties of the supercluster as a 
whole have not. In this section we do a preliminary 
exploration of this structure, which will be covered more 
thoroughly in an upcoming paper (R. R. Gal et al. 2012, 
in preparation). The cluster RXJ175 7 was studied onl y 
as a part of the ROSAT NEP survey (jGioia et al.ll2003h . 
in little detail. Here, we present new redshift histograms 
of these last two structures derived from our ORELSE 
data. 



4.1.1. CU324 

Figure Ufa) shows all confirmed redshifts in the spa- 
tial vicinity of C11324. We can see two peaks in the 
histogram, at z ps 0.695 and z ~ 0.755. These peaks 
coincide with the two largest clusters in the structure, 
C11324+3011 and C11324+3059. From the distribution 
of red galaxies, we find ten overdensities in the super- 
cluster, some of which can be observed in the redshift 
histogram. So far, we have confirmed four clusters and 
groups to be constituents, shown in Tabled with coordi- 
nates, redshifts, and measured velocity dispersions given. 



Additional multiobject spectroscopy to confirm the na- 
ture of the other red galaxy overdensities is planned. 

4.1.2. RXJ1757 

The redshift histograms for RXJ1757 are displayed in 
Figures QTc) and[]Td). At z ps 0.69 and z ps 0.9, we see 
two peaks in the distribution. The former is the over- 
density associated with RXJ1757. When we examine the 
spatial distribution of the higher redshift peak, we find 
that the galaxies in its vicinity are distributed nearly 
uniformly across the field of view, implying a sheet of 
galaxies. 

Looking at the redshift distribution of confirmed galax- 
ies within the bounds of RXJ1757 (Figure [ljd)), we can 
see the distribution is reasonably consistent with a Gaus- 
sian, confirmed by a Kolmogorov-Smirnov (K-S) test at 
a 99% level, suggesting there is no significant substruc- 
ture. However, we caution that we have a smaller sample 
of confirmed redshifts compared to the other fields. 

4.2. The Red Sequence and the Blue Populations 

Figure [5] shows CMDs for all five fields. All spectro- 
scopically confirmed supercluster/cluster members are 
shown. Squares indicate the confirmed X-ray AGNs 
within each structure, which are analyzed in Section [6j 
The red sequence for each field is delineated by dotted 
lines. Red sequence fits for each field were calculated us- 
ing a linear fitting and c-clipping technique. First, a fit 
to a linear model, of the form 

C = C + m x B (6) 

where C is either r' — i' or F606W-F814W and B is either 
i' or F814W, was carried out on member galaxies within 
a chosen magnitude and color range using a \ 2 mini- 
mization (jGladders et all 119981 : iStott et al.l I2009D . The 
fit was initialized with a color range chosen "by eye" 
to conform to the apparent width of the red sequence 
of the structure. The magnitude bounds were defined 
as the range where the photometric errors were small 
(o~i>,F8i4W 0.05). After the initial fit, colors were nor- 
malized to remove the slope. The color distribution was 
then fit to a single Gaussian using iterative 3a clipping. 
At the conclusion of the algorithm, the boundaries of the 
red sequence were defined by a 3cr offset from the center, 
except for C11604 and C11324. For the two superclus- 
ters, the color dispersion was inflated due to the large 
redshift extent of these structures, and 2a offsets were 
used to achieve reasonable boundaries. For every field 
except C11604, the LFC r' — i' color magnitude diagrams 
are shown. For C11604, ACS data were available and 
were used in place of LFC data because of their supe- 
rior precision. Note, however, that two of the AGNs in 
C11604 are outside our ACS pointings, so that our anal- 
ysis using ACS data only includes 8 AGNs in the C11604 
supercluster. 

While all the structures show a substantial number of 
galaxies on the red sequence, there are large differences in 
the blue populations. Qualitatively, we observe a lower 
blue fraction in the CMDs of RXJ1821 and RXJ1757 
than in those of C10023 and C11604. This is quantified in 
Table [5J where the blue fractiorPl for all confirmed clus- 

10 We define a blue galaxy as any with a color blueward of the 
lower boundary of the red sequence. 
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Figure 2. Color-magnitude diagrams for the five fields. LFC r' — i' colors are displayed, except in the case of C11604, where ACS 
F606W-F814W colors are used. All confirmed supercluster/cluster members are shown and squares correspond to AGN hosts. Dashed 
lines indicate the boundaries of our red sequence fits. We can see a higher fraction of AGN are on the red sequence in the more evolved 
structures (C11324, RXJ1821, and RXJ1757) than in C11604 and C10023. 



ter/supercluster members with i' or F814W magnitudes 
brighter than 23.5 are displayed in the first column. We 
can see that C10023 and C11604 have the bluest galaxy 
populations, while RXJ1757 has the highest fraction of 
galaxies on the red sequence of all the fields. Since this 
could be due to the low completeness of spectroscopic 
coverage in this field, we attempted to make corrections 
with two approaches: (1) using our efficiency of spec- 
troscopically confirming structure members to estimate 
the total number of member galaxies, and (2) correct- 



ing using measurements of the background galaxy den- 
sity. All efforts to statistically estimate the true blue 
fraction yielded large errors making the measurements 
highly uncertain. Instead, we created a blue fraction 
measurement m etric that could b e compared between 
fields (see also iLubin et al.1 120091 ). The different fields 
have a varying number of spectral masks, with several 
different spectroscopic priorities. However, the first sev- 
eral masks, excluding those designed to specifically target 
X-ray matched sources, have similar priorities for choos- 



10 



Rumbaugh et al. 



4 - 



_ 2 - 



- 



(a) 



I - 



cioosa 

C11B04 



A 



O 



I cnaa4 

RXJI767 Q 

/S x * 

FT 



# 



-a 



n DS Clusters <z>~0.05 (^) ORELSE Supercluslers 
X MORPHS Clusters <z>~0.4 ^ ORELSE Supergroup 
<J^> OREL3E Isolated Clusters 



_L 



_L 



-10 -80 
EW([0II]) [A] 



-30 



10 



ORELSE Superclusters 
ORELSE Supergroup 
ORELSE Isolated Clusters 




Myr - 100 Myr After Storburst^ 
100 Myr - 500 Myr 
S00 Myr - 1 Gyr 

1 Gyr - 3 Gyr 

I i , , I , 



1.0 



1.2 



1.4 
D„(4000) 



1.5 



1.B 



Figure 3. Spectral properties of the composite spectra of all spectroscopically confirmed galaxies in our five st ructures. In (a), EW([Q IlO 
is used as a measure of star formation while EW(H<5) is used to probe the post-starburst stellar population (Poggianti & Barbaro 1997; 
Poggianti ct al. 1999). The dotted line is a track for clusters made entirely of quiescent and continuously star-forming galaxies from 2dF 
(Dressier ct al. 2004), with a lower percentage of star forming galaxies to the left. The shaded regions represent galactic classifications, 
described in the text. The dashed lines enclose 95% of normal star-forming galaxies (Ocmlcr et al. 2009). Spectral errors are shown in the 
upper right-hand cor ner. Also shown, for reference, are samples of cluster galaxies at z ~ 0.05 (Dressier ik, Shcctman 1988) and z ~ 0.4 
IIDressl cr ct al. 2004). In (6), we plot the average D n (4000) measurements of structure membe rs versus t he av erage EW(H<5). For reference, 
we plot regions of FW(H<5)-D n (4000) phase space covered by four post-starburst models of Bruzual (2007). Four different time ranges 
since starburst are shown. Because Bruzu al & Chariot models only incorporate stellar light, emission infill corrections were made for all 
EW(H<5) measurements (see Section I6A21 for details). D n (4000) and EW(H<5) errors are smaller than the points. 



ing target^]. Therefore, we chose to compare blue frac- 
tions only among sources in the first two masks for each 

11 That is, prioritizin g red galaxies first followed by prog ressively 
bluer galaxies (See e.g. lGal et aLl[200Sl; ITubin et al-ll^OM) . 



field, since these sources should represent similar popu- 
lations. We chose two masks because this is the num- 
ber of masks for RXJ1757 excluding those where objects 
matched to X-ray point sources were preferentially tar- 
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Table 6 

Global Blue Fractions 



Table 7 

Composite Spectral Properties 



Structure All Members' 1 1 st Two Masks b 



Structure 



C10023 

C11604 

C11324 

RXJ1821 

RXJ1757 



0.47±0.06 
0.57±0.05 
0.42±0.04 
0.35±0.08 
0.17±0.08 



0.51±0.13 

0.42±0.12 
0.42±0.15 
0.09±0.10 



EW([0 Il]) a 
(A) 



EW(H5) a 
(A) 



D n (4000) b 



a Includes all spcctroscopically confirmed 
sources within the redshift bounds of the struc- 
ture and with %' or F814W < 23.5. Errors are 
Poissonian. 

b Only spectroscopically confirmed sources from 
the first two spectral masks taken for each 
field are included, excluding masks where X- 
ray matched targets were preferentially targeted. 
For C11324, the first two masks from each point- 
ing are included. N o me asurement was made for 
C11604. See Section 14.21 for explanation. 

geted. We confirmed that this sampling is representative 
of the entire galaxy population by recreating composite 
spectra using only the first two spectral masks. Since 
there are no large differences between the average spec- 
tral features, the method should be accurate. The results 
of this comparison are displayed in the second column of 
Table [51 However, we did not calculate a blue fraction 
for C11604 in this way, for two reasons. First, there are a 
total of 24 spectroscopic masks for C11604, from several 
different telescopes. Choosing which ones to include is 
difficult and it may be impossible to select a population 
congruous with any of the other fields in this manner. 
Second, our spectroscopy for C11604 is relatively com- 
plete, so we are confident in the blue fraction measured 
down to F814W = 23.5. 

Examining the results, we can see the same color hi- 
erarchy in the structures for both methods of measur- 
ing the blue fraction, with RXJ1757 having the small- 
est fraction and C11604 and C10023 the largest. These 
large blue fractions, in particular those for C11604 and 
C10023, are consistent w ith the Butcher-Oemler effect 
(|Butcher fc OemIerlll984D . We also note that the isolated 
X-ray-selected clusters, RXJ1757 and RXJ1821, are the 
reddest structures, suggestive of a more advanced, dy- 
namically relaxed evolutionary state. The color hierar- 
chy suggests a similar ranking of galactic star formation 
in the five structures, which we can explore with our 
spectroscopic data. 

4.3. Spectral Properties 

Using our spectroscopic data, we examine the typical 
star formation history of the galaxies in each structure. 
We formed composite spectra by co-adding the individ- 
ual spectra of g alaxies within e ach s truct ure, according 
to the method of lLemaux et al.l f|2009T ) and lLemaux et all 
(2012). We analyze these spectra in terms of two impor- 
tant features relevant to star formation: the [O II] and 
US lines. The H<5 absorption is indicative of a popula- 
tion of A and B stars, which disappears ~ 1 Gyr after 
the cessation of star for mation within a galaxy, du e to 
the lifetime of A stars (jPoggianti fe Barbarolll997T ). If 
star formation is ongoing, a population of O stars, which 
have weaker hydrogen features, can dominate the con- 
tinuum and wash out this absorption line. Infilling can 



C10023 

C11604 

C11324 

RXJI821 

RXJ1757 



-8.33 ± 0.07 
-10.77 ±0.09 
-6.19 ±0.05 
-4.20 ±0.10 
-1.87 ±0.18 



3.17 ±0.05 
2.99 ± 0.07 
2.40 ±0.03 
1.39 ± 0.08 
1.77 ±0.10 



1.527 ±0.002 
1.377 ±0.002 
1.473 ±0.001 
1.631 ± 0.004 
1.591 ±0.005 



a Measured using bandpasses from Fisher ct al. (1998). 
b Measured using bandpasses from Balogh ct al. (1999). 

also occur from Balmer emission from H II regions. The 
[O II] emission line has been used as an indicator of star 
formation, especially as a proxy for the Ha emission line 
at high er redshifts when Ha h as shifted out of the optical 
range (iPoggianti et al.l [1999D ■ However, recent analysis 
using near-IR spectroscopy of sources from the C11604 
supercluster and RXJ1821 has compared [O II] and Ha 
emission, finding that a significant portion of [O II] emis- 
sion can come from L I NER- or Seyfert-rela ted processes 
(jLemaux et al.l 120101 : iKocevski etafl 1201 lb . Th ese re- 
sults are supported by those of lYan et al.l (|2006l ). albeit 
using a lower redshift sample. In light of this, cau- 
tion must be exercised when interpreting [O II] mea- 
surements. For an additional diagnostic, we measure the 
D n ( 4000) strength which is an indicator of mean stellar 
age (Kauffm ann et al.ll2003f ). 

Figure shows [O II] vs. H<5 equivalent widths 

for the composite spectra of members of the five struc- 
tures. The dotted line represents the average spec- 
tral properties for a cluster population composed of 
various fracti ons of "normal" sta r-forming and quies- 
cent galaxies (jDressler e t al. 200-3J), based on data from 
the Two-Degree F ield (2dF) Galaxy Redshift Survey 
(|Colless et al.l 12001). Asterisks on this line represent a 
cluster population composed of (from left to right) 20%, 
40%, 60%, 80%, and 100% star-forming galaxies. For 
a cluster whose average galaxy lies above this line, the 
H5 line is too strong to be produced by normal star 
formation, requiring some contribution from starburst- 
ing or post-starbursting galaxies. The da shed lines en- 
close 95% of normal star-forming galaxies (|Oemler et al.l 
2009). The s haded regions, which a re ba sed on the spec- 
tral ty pes of IDressler et al.l (|1999l ) and fPoggiant i et al.l 
(fl999li . denote the region of this phase space inhabited 
by (starting from the upper right and moving counter- 
clockwise) starburst (dark blue), post-starburst (green), 
quiescent (red), and normal star- forming galaxies (light 
blue). Examining the positions of the structures in 
our sample on this plot, we can see that RXJ1757 and 
RXJ1821 have mostly quiescent populations, with each 
cluster having < 20% normal star-forming galaxies. Be- 
cause RXJ1757 is offset from the 2dF line, there may be 
some contribution from post-starburst galaxies, but the 
fractional contribution is low. The stronger [O II] emis- 
sion in the C10023 and C11604 composite spectra suggests 
that these structures have a higher fraction (> 40%) 
of continuously star-forming galaxies. These structures 
have larger blue fractions than the others, so it is unlikely 
that the increased EW([0 II]) in their average spectra 
is due to LINER processes, which are primarily associ- 
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Figure 4. Cumulative source counts for all five structures, in the soft (0.5-2.0 keV) band (top left) and hardio (2.0-10 keV) band (top 
right). The dashed line corresponds to source counts from two pointings in the CDFN and CDFS, which we reduced and analyzed ourselves. 
The dotted line indicates flux corresponding to 20% sky coverage for NEP5281 in the soft band and RXJ1757 in the hard band. Note that 
this value is different for each field and the specific choice of field here is meant to be representative. In the lower plots, we have plotted 
the fractional overdensities relative to the CDF deep field measurements. Along with the five fields is a composite measurement, explained 
in Section [5] 

ated with red sequence galaxies. The EW(H<5) measured 
from the C10023 and C11604 composite spectra are signif- 
icantly in excess of the 2dF line, suggesting a substantial 
contribution from starbursting or post-starburst galax- 
ies. C11324 is in an intermediate range, with ~ 30% nor- 
mal star-forming galaxies and an observed EW(H(5) for 
its galaxy population smaller than that of C10023 and 
C11604. 

Our conclusions based on the [O II] and H5 lines are 
supported by the corresponding D n (4000) measurements 
(see Table[7]). These results are illustrated in Figure^b), 
where average measurements of EW(H<5) and D n (4000) 
are plotted for the five structures. For comparison, we 
also indicate ranges of EW(H<5)-D n (4000) pha se space 
spann ed by four different Bruzual & Chariot (|Bruzuall 
120071) models for various times after the starburst. The 
four models include a single burst (r = 0.01) and a sec- 
ondary burst of 20%, 10%, and 5% by mass which oc- 
curs 2 Gyr after the initial burst. All models are solar 
metallicity an d are corrected for ext inction using E(B-V) 
= 0.25 and a [Calzctti et al.l (j2000l ) extinction law. Be- 
cause Bruzual & Chariot models only incorporate stel- 
lar light, emission infill corrections were made for all 
EW(H(5) measuremen ts using re l ations hips between Ha 
and [O II] taken from lYan et all (|2006| ) and Ha and H<5 
from iSchiavon et al.l (120061) . Although these corrections 
are not perfect (e.g., see the measurement for Region 



1), these values should be accurate to within ±0.5 A. 
We can see that RXJ1757 and RXJ1821 have the largest 
continuum break strengths, indicating that they possess 
the oldest average stellar populations of the five struc- 
tures. The average galaxy in this structure has had 1-3 
Gyr s ince its last starburst, according to the iBruzuall 
(|2007| ) model. The other structures have smaller aver- 
age D n (4000) measurements, consistent with the results 
of Figure EJa) showing larger fractions of star-forming 
gal axies and youn ger galaxy populations. According to 
the IBruzuall (|2007l) model, the average galaxy in C11324, 
C10023, and C11604 has had a progressively shorter time 
since the last starburst. Altogether, these spectral re- 
sults parallel what was found with the blue fractions, in 
that the reddest structures are also the ones with the 
most evolved stellar populations and the lowest fraction 
of star-forming galaxies. 

4.4. Summary of Global Characteristics and Grouping 
of the Sample 

Despite our extensive spectroscopic sample, there are 
too few X-ray AGNs in any individual cluster (and even 
supercluster) to draw statistical conclusions. Hence, we 
divide our structure sample into two categories. The 
first contains C10023 and C11604 which have the highest 
level of ongoing star formation and starburst activity, as 
shown in the preceding sections. The second category, 
consisting of C11324, RXJ1757, and RXJ1821, contains 
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structures whose member galaxies are typically quiescent 
or forming stars at a lower rate. We refer to these two 
categories as "unevolved" and "evolved" , respectively, as 
a means of describing their typical galaxy populations. 
While we acknowledge that the terms "more evolved" 
and "less evolved" would be more appropriate, we adopt 
the less accurate denominations for brevity. In addition, 
these terms do not necessarily imply differing levels of 
cluster dynamical evolution or even a clear temporal se- 
quence from one category to the other. We note that, 
while some clusters or groups may not fit well with the 
global characteristics of their parent supercluster (i.e. 
Cluster A of C11604), we cannot examine all of the AGNs 
on a cluster-by-cluster basis. As we will discuss in Sec- 
tion 16.11 many of the AGNs in the superclusters and the 
supergroup are not associated with any one cluster or 
group. So, when analyzing these AGNs, we take the par- 
ent supercluster or supergroup as a whole. 

The particular segregation of our structure sample is 
motivated by the clear distinction between the structures 
shown in Figure [3] The abundant star formation in the 
unevolved structures suggests the presence of a large gas 
reservoir in many of their member galaxies. We might 
expect that this same gas is available for AGN fueling. 
Conversely, the typical galaxy in the evolved sample has 
likely consumed most of the available gas in prior star 
formation episodes, leaving less fuel for the AGNs. In the 
following sections, we examine whether the properties of 
the AGN sin the two categories reflects this distinction, 
and what we can can learn about the relationship of star 
formation to AGN activity in LSSs. 

5. CUMULATIVE X-RAY SOURCE COUNTS 

In this section, we examine the frequency of AGN ac- 
tivity within the five structures to determine if there are 
associated excesses of X-ray point sources. X-ray point 
source photometry was used to calculate cumulative X- 
ray source number counts, N(> S), using the method of 
iGioia et all (|1990l) : 

JV 

N(>S) = J2^7 1 deg~ 2 (7) 

i=0 

where N is the number of point sources with fluxes 
greater than S and f2i is the area of the sky in which 
the ith point source could have been detected at a 3a 
level or higher. Variance in N(> S) was calculated using 

-f = EiLo<V 2 . . , 

To ca lculate fij, we used the method of lKocevski et al.l 
( 2009af). which is sim i lar to those used in oth er literature 
( Johnson et "all 120031 : iCappelluti et alJ 120051 ) . All point 
sources detected by wavdetect, in all bands and without 
significance cuts, were removed and replaced with an esti- 
mate of the background using the ClAO tool dmfilth. To 
create a map of the background emission, these images 
were binned into 32" bins. According to Equation (fTJ), 
the flux limit corresponding to a 3a detection^ occuring 

12 Note that we only include X-ray sources with detection signif- 
icances > 3<j in this analysis to be consistent with previous work. 
The inclusion of sources with detection significances between la 
and 3cr has a significant effect only on fluxes where sky coverage is 
below 20%, and the results are generally considered unreliable. 



in one of these binned pixels is given by 

Slim = 'i\ fl-0 + ^0.75 + 577^1^-^ (8) 

where B is the net counts in a pixel, A is the area of a 
pixel, JR95 is the radius of the aperture enclosing 95% of 
an X-ray source's flux, as described in Section [3~3l k is the 
conversion factor between photon count rate and X-ray 
flux, also described in Section |3~31 and t is the exposure 
time of the image. For a given source with flux, S, fit is 
then equal to the total number of binned pixels for which 
S is greater than Su m , multiplied by the area of a pixel. 

The cumulative source counts for all the fields in the 
soft band and the 2-10 keV band, hereafter the hardio 
band, are shown in Figure SJ The latter was extrapo- 
lated, field by field, from the 2-8 keV band by fitting 
a power law spectral model with exponent 7 = 1.4 to 
each detected point source. For C11604 and C11324, the 
source counts for the two pointings were combined. Also 
shown are cumulative source counts meas urements from 
the Chandra Deep Field North and South (jBrandt et al.l 
l200UlRosati et al] |2002'). One Chandra observation from 
each deep field was used (observation ID 582 and 2232). 
Both have exposure times of roughly 130 ks. We re- 
analyzed these observations using the same reduction 
pipeline that we used for the ORELSE fields. We used 
the combined source counts from these two fields (here- 
after CDF) to estimate the blank-field counts for com- 
parison with our data. 

We can see that, in the soft band, C10023 and RXJ1757 
appear to be consistent with no overdensity compared to 
CDF. The other three fields arc all overdense to some 
degree. In the range 3xl0 -15 to 10~ 14 erg s _1 cm~ 2 , 
RXJ1821, C11324, and C11604 have average overdensi- 
ties of 0.5cr, 1.0c, and 1.5 c, respectively, with a calcu- 
lated using the cumulative source count errors from our 
data and those of CDF. In the hardio band, RXJ1821, 
RXJ1757, and C10023 all have approximate overdensi- 
ties of 0.5cr in the range 7xl0~ l; > to 2 x 10~ 14 erg s _1 
cm~ 2 . RXJ1757 appears to be consistent with no over- 
density. C11604 and C11324 also appear to be overdense, 
with average overdensities in the flux range 7 x 10 -15 to 
2 x 10~ 14 erg s _1 cm~ 2 of la and 1.5 a, respectively. 

It should be noted that the results for C10023 dif- 
fer from thos e prese nted in the previous work of 
IKocevski et all (|2009cD . The 2-8 keV band cumulative 
source counts were unintentionally presented as the 2-10 
keV band counts in that paper. However, we have also 
found changes due to the different versio ns of the CIAO 
softwa re used between earlier papers (|Kocevski et al.l 
I2009al lbllcl) and this paper, version 3.3 compared to 4.2. 
We believe this to be an effect of updated response func- 
tions at off-axis angles. The net result for our data is 
mainly an approximate 5% increase in flux, with some 
very minor differences in point source detection, the lat- 
ter being almost entirely below the 3a level. 

In Figure [5j co-added cumulative source counts for all 
five fields are shown. To accomplish this co-addition, all 
point source lists were first combined into one composite 
source list. For the calculation of the effective sky area 
weighting factors, fij, the combined background of every 

field was used. With of = ^2f =0 we can see that 

the error in N(> S) will be reduced from its value in any 
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Figure 5. Co-added source counts created from all five structures, in the soft (0.5-2.0 keV) band (left) and hardio (2.0-10 keV) band 
(right). Composite point source lists which combined all the sources from every field were used in these plots' construction. Also, the 
combined background from all five fields was used for the calculation of the weights, Hr 1 . The solid lines flanking the dotted line indicate 
the 3cr errors on the composite cumulative source counts measurement. The dashed line corresponds to source count measurements from a 
control field, comprised of two pointings in the CDFN and CDFS. The vertical dotted line indicates flux corresponding to 20% sky coverage 
of the combined fields. 



15 erg s 1 cm 2 , which 
14 erg s -1 cm~ 2 . In the 



individual field. In the soft band, the composite source 
counts have an approximate average overdensity of la in 
the range 2 x 1CT 15 to 8 x 10" 
falls off to zero brighter than 10 
hardio band, the composite counts have an approximate 
average overdensity of la between 7x 10 -15 and 2x 10~ 14 
erg s _1 cm~ 2 , but an approximate underdensity of 0.5a 
between 3 x 10" 14 and 4 x 10" 14 erg s 1 cm 2 . While 
there is substantial variation in the five cumulative source 
count measurements for the individual fields, we can see 
from the composite measurement that, on average, the 
fields of the five structures studied here have a density of 
X-ray point sources in excess of the control field, though 
n ot significantly so . 

ICappelluti et al.l (|2005l , hereafter C05) have found a 
positive correlation between cluster redshift and source 
count overden sity. To compare to t his, and our ear- 
lier results of iKocevski et al.l (|2009aD . we first fit the 
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cumulative source counts to a power law of the form 
N(> S) = fc(^) a deg~ 2 , u sing the maximum likelihood 
metho d of iCrawford et al.1 (|1970| ) and [Murdoc h et al.1 
(|1973[ ). This method fixes the dimensionless variable k 
while fitting for a. k is calculated by requiring consis- 
tency between the model and the data at the flux point 
S = S . We use 2 x 10" 15 erg s" 1 cm- 2 and 1 x 10~ 14 
erg s _1 cm~ 2 for Sq in the soft and h ardio bands, re- 
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specti vely, which are the values used by ICrawford et al.l 
(1970). C05 measured overdensities using the ratio of 
k in a given field to k in a reference set of five blank 
fields. For these fields, they found k so f t — 401^^ and 

khard = 275^g 2 - We calculated k for the five fields in- 
dividually, as well as the composite of all five fields. It 
should be noted that the composite measurement is not 
a simple average of the five fields (see above for details 
on its creation) and that significant variation in the indi- 
vidual k values come from calculating k at a single flux 
point. 

Our results are shown in Figure [5] for the hardio band, 
where our data are overplotted on that of C05 and the lin- 
ear fit to their data is shown. Just as in IKocevski et al.l 
(2009a), our data are consistent with their fit. Once 
again (refer to earlier explanation), it is posssible that 
the issue with the version of the CIAO software may 
have created a systematic offset from C05's data set. We 
would expect this offset to increase the value of k for the 
C05 data by about 5%. Even without this correction, 
our results are still consistent with C05 within our er- 
rors. However, we note that it is difficult to use these 
overdensities to interpret the actual AGN activity in an 
individual structure, even with our large spectroscopic 
sample (see Section [5]). 



Figure 6. Overde nsity amplitude versus redshift in the hardio 
band, as defined by [Cappelluti et al. (2005j). k is defined as the 
value of N{> S) at So = 10 — 14 erg s — 1 cm -2 . Shown are the ten 
fields analyzed by C05 and their fit to this data set. Our fields arc 
overplotted as squares, along with a composite measurement made 
by co-adding all five fields. (Adapted from Figure 6 of C05). 



6. AGN AND HOST PROPERTIES 

Using optical sources with redshifts with quality flags 
of Q — 3 or 4 and the results of our optical matching, 
we were able to identify X-ray sources that are members 
of the clusters or superclusters in our sample (see Table 
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[3]). In summary, we found ten confirmed AGNs in the 
bounds of C11604, seven in C10023, six in C11324, three 
in RXJ1821, and one in RXJ1757. Note that these 
numbers include four sources, one in each structure 
except RXJ1757, that were detected at a <3<r (but at a 
>2cr) level in at least one of the three X-ray passbands 
(see Table [5]). We show in the following that these 
low-significance detections do not bias our results. 



6.1. Spatial Distribution 

Examining the spatial distribution of AGNs located 
within each cluster can give insight into what processes 
triggered their nuclear activity. In Figures and|H we 
show the spatial distributions on the sky and redshift dis- 
tributions of the five structures studied here. The AGNs 
are marked in red, and their positions and characteristics 
are given in Table [8] 

Of particular note is the lack of AGNs in dense cluster 
centers. Indeed, we find 19% of AGNs in cluster cores, 
defined as being within a projected distance of 0.5 Mpc 
to the nearest cluster or groupEJ An additional 27% lie 
on the outskirts of clusters (projected distances between 
0.5 and 1.5 Mpc), and a majority (> 50%) of AGN host 
galaxies lie more than 1.5 Mpc in projected distance from 
the nearest cluster or group. 

These results are consistent with previous work study- 
ing the spatial distribution of AGNs, in that the AGNs 
tend to be located outside of clusters or in their out- 
skirts. First, the distribution of AGNs in C11604, pre- 
viously studied by iKocevski et all (|2009aD . is consistent 
with the other four str uctures here. Our res ults are also 
consistent with those of lGilmour et al.l (|2007| ). who found 
that AGNs in the A901/902 supercluster at z « 0.17 
tend to avoid the densest areas. Several other studies 
have also found that X-ray AGNs tend to reside in re- 
gions of mod erate density similar to group environments , 
up to z ~ 1 (|Hickox et al.ll2009t ISilverman et al.ll2009al ). 
It is thought that regions of intermediate density, such 
as the outskirts of clusters, are the most conducive to 
galaxy-galaxy interactions because of the elevated densi- 
ties, compared to the field, but relatively low velocities 
(jCavaliere et al.lll992D . Since we find more of the AGNs 
in these areas, this lends support to the theory that merg- 
ers or tidal interactions are one of the main instigators 
of AGN activity. Since only ~ 20% inhabit dense clus- 
ter cores, processes which preferentially occur in these 
regions, such as ram pressure stripping, are probably not 
responsible for triggering AGNs in cluster galaxies. How- 
ever, the association between AGNs and these regions 
could also be related to higher gas availability in galax- 
ies farther from cluster cores. 

Although we find that most of the X-ray AGNs do 
not reside in the cluster cores, a number of studies 
have measured t he fraction of clus ter galaxies that 
host AGN (e.g.. IMartini et al.l [2007h . Therefore, we 
attempt to measure the AGN fraction for the individ- 
ual clusters within the five structures in our sample. 

13 Redshift is taken into account when determining proximity 
of AGNs to clusters or groups in the supcrclustcrs and the super- 
group. Projected two-dimensional distance is only calculated to 
clusters of similar redshift. 



Because we are limited by the spectral completeness 
of our sample, we make a composite measurement of 
the most massive, well-sampled clusters: C11604A, 
C11604B, C11604C, C11604D, C11324A, C11324I, and 
RXJ1 821. We compare to the results of IMartini et al.l 
(2007) for low-redshift clusters (0.06 < z < 0.31), who 
used galaxies with Mr < —20, within approximately 
2000 km s _1 of the mean redshift of cluster members 
for each system, and within the field of view of their 
Chandra observations, which ranged from 1.2 to 4.5 
Mpc in width. To approximate these criteria, we 
adopt a magnitude cutoff that roughly corresponds to 
Mi'/F8i4W = — 19 and use galaxies within 1 Mpc and 
Az = 0.01 of the cluster centers and redshifts. We 
measure the combined AGN fraction for the seven clus- 
ters listed above t o be 0.012±0.007. T his is consistent 
with the results of Ma rtini et al.l (|2007f ). who measured 
f A (Mr < -20; L x > 10 42 /if 2 erg s" 1 ) « 1% . We 
note, however, that a number of arbitrary definitions 
went into our measurement. In addition, our spec- 
troscopy of optical counterparts to X-r ay sources is 
signifi cantly incomplete, in contrast to IMartini et al.l 
(2007). Correcting for this incompleteness contributes 
the largest source of error to our measurement. Because 
of the large uncertainties, we refrain from drawing any 
conclusions from our measurement. 



6.2. AGN Host Galaxy Colors 

Figure [2] presents CMDs, which are described in 
Section 2J for all five fields. Confirmed AGN mem- 
bers of the structures are shown with blue squares. 
While the AGNs in C11324, RXJ1821, and RXJ1757 
preferentially reside within the bounds of, or very 
close to, the red sequence, the AGN hosts in C10023 
and C116 04 are more s pr ead o ut. Previous work, 
including IKocevski et al.l (l2009al) and a number of 
wide-field surveys dSanchez et~ail l200l iNandra et al.l 
120071: IGeorgakakis et al.l 120081: ISilverman et al.l 12008). 
has found an association between AGN activity in galax- 
ies and the transition onto the red sequence (possibly 
for a second time) in the green valley. While these 
galaxies could be evolving from the blue cloud onto the 
red sequence, it is also possible that they could have 
moved down off the red sequence aft er a tidal interac- 
tion o r merger and are evolv ing back (jMenanteau et akl 
120011: IKocevski et al.l r2009a|) . We note, however, that 
some studies using mass-selected samples have found 
that AGN hosts have a color distribution more simi- 
lar to that of n ormal galaxies ((Silverman et al.l [2009b; 
IXue et al.ll2010h. 

In addition. ICard amone e t al.l (|2010f ). using a sample 
of galaxies with redshifts 0.8 < z < 1.2, have found that 
many green valley AGN hosts are dust-reddened blue 
cloud members, so that AGN host colors acquire the 
bimodality ap parent in the ge neral galaxy population. 
However, Rosario e t al.l (|2011D have also examined the 
impact of extinction on the colors of AGN hosts and did 
not find a significant impact for galaxies in the redshift 
range 0.8 < z < 1.2, although bimodality may be intro- 
duced at higher redshifts. To address this issue for our 
study, we are planning to implement spectral energy dis- 
tribution (SED) fitting to evaluate the impact of extinc- 
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Figure 7. Spatial map and redshift distribution for C11604, providing a three-dimensional map of the structure. All optical sources 
within the redshift bounds of the supercluster are shown, and are color-coded according to redshift. Confirmed AGNs are plotted on the 
spatial maps in red, and are also shown in the redshift distributions. Dashed circles show all clusters and groups in the structure, although 
E is not confirmed, and have radii of 0.5 hz} Mpc at their respective redshifts. 
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Figure 8. Spatial map and redshift distribution for C11324. All optical sources within the redshift bounds of the supercluster are shown, 
and are color-coded according to redshift. Confirmed AGNs are plotted on the spatial maps in red, and are also shown in the redshift 
distributions. Dashed circles show all clusters and groups in the structure and have radii of 0.5 h^ Mpc at their respective redshifts. These 
are derived from red galaxy overdensities, and only Clusters A, B, D, and I have been confirmed (see R. R. Gal et al. 2012, in preparation). 
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Figure 9. Spatial maps and redshift distributions for C10023, RXJ1757, and RXJ1821. All optical sources within the redshift bounds of 
the clusters and the supergroup are shown, and are color-coded according to redshift. Confirmed AGNs are plotted on the spatial maps in 
red, and are also shown in the redshift distributions. Dashed circles show the clusters and groups in the structures and have radii of 0.5 
hjQ Mpc at their respective redshifts. 
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AGN Summary 



Structure 


Num. 




R.A. 




Dec. 






z 








Det. 


Nearest 


RS 






(J2000) 




(J2000) 






soft 


hard 


full 


Sig. b 


Clus. (Mpc) c 


Offset' 




1 


00 


24 


10. 


9 


+04 


29 


23 


o 


823 


■5 6 


46.7 


52.3 


12.2 




-1.86 




2 


00 


24 


15. 


5 


+04 


23 


09 


0. 


.829 


7.8 


e 


7.8 


10.1 


1.38 


0.67 


C10023 


3 f 


00 


23 


54. 


.9 


+04 


25 


24 


0. 


.830 


0.5 


5.1 


5.6 


2.6 


1.00 


0.33 


C10023 


1 


00 


24 


09. 


1 


+04 


22 


41 


0. 


.841 


24.3 


35.8 


60.1 


39.9 


0.71 


-6.08 


C10023 


5 


00 


23 


52. 


2 


+04 


22 


59 


0. 


.844 


24.8 


83.8 


108.6 


63.7 


0.25 


-2.85 


C10023 


6 f 


00 


23 


45. 


.6 


+04 


22 


59 


0. 


.850 


10.8 


17.0 


27.8 


23.2 


0.48 


-4.70 


C10023 


7 


00 


24 


07. 


6 


+04 


27 


26 


0. 


.854 


3.1 


3.4 


6.5 


3.9 


2.45* 


-1.72 


C11604 


I 1 


16 


01 


23. 


.9 


+43 


11 


26 


0. 


.867 


14.5 


22.3 


36.7 


27.8 


1.23 


-4.43 


C11604 


2 f 


16 


04 


25 


.9 


+43 


12 


45 


0. 


.871 


5.5 


8.7 


14.2 


10.4 


0.66 


-1.48 


C11604 


3 f,g 


16 


01 


15 


6 


+43 


10 


16 


0. 


.900 


17.0 


31.4 


48.3 


31.2 


1.90* 


-1.84 


C11604 


4 


16 


01 


37 


.6 


+43 


08 


58 


0. 


.900 


0.9 


4.4 


5.3 


2.4 


2.44 




C11604 


5 


16 


01 


06. 


.1 


+43 


18 


07 


0. 


.913 


18.3 


29.1 


47.4 


19.3 


1.08* 


-1.02 


C11604 


6 f 


16 


01 


36. 


7 


+43 


21 


41 


0. 


.923 


6.3 


18.1 


24.4 


9.8 


0.36 


-3.64 


C11604 


7 


16 


01 


01. 


.3 


+43 


13 


51 


0. 


.927 


12.3 


25.0 


37.3 


18.6 


1.03 




C11604 


8 


16 


01 


05 


.1 


+43 


15 


19 


0. 


.934 


3.6 


4.7 


8.4 


4.3 


0.29 


-1.07 


C11604 


9 


16 


01 


10 


.9 


+43 


21 


11 


0. 


.935 


0.9 


10.7 


11.6 


4.0 


1.87* 


0.97 


C11604 


10 f 


16 


01 


08. 


2 


+43 


17 


36 


0. 


.937 


5.0 


24.9 


30.0 


7.1 


0.84 


-2.47 


C11324 


l f 


13 


24 


51. 


,1 


+30 


12 


39 


0. 


.660 


1.6 


0.7 


2.3 


4.1 


0.44* 


-2.85 


C11324 


2 


13 


21 


36. 


1 


+30 


23 


16 


0. 


.662 


1.0 


6.8 


7.8 


4.2 




-2.66 


C11324 


3 


13 


25 


01. 


.5 


+30 


22 


07 


0. 


.696 


1.2 


0.6 


1.8 


2.1 




-2.53 


C11324 


1 


13 


24 


52. 


.9 


+30 


52 


18 


0. 


.697 


1.4 


e 


1.4 


3.3 


2.60 


-1.79 


C11324 


5 


13 


24 


52. 


.0 


+30 


50 


51 


0. 


.700 


C 


10.9 


10.9 


6.2 




-1.23 


C11324 


6 


13 


21 


28. 


.8 


+30 


53 


20 


0. 


.778 


1.6 


0.8 


2.4 


3.0 


2.90* 


-0.24 


RXJ1821 


1 


18 


21 


07 


.7 


+68 


23 


38 


0. 


.813 


1.9 


2.5 


4.4 


2.7 


2.17 


-0.51 


RXJ1821 


2 f 


18 


21 


23. 


.9 


+68 


26 


33 


0. 


.822 


3.1 


4.1 


7.5 


5.5 


0.67 


-1.20 


RXJ1821 


3 


18 


21 


27. 


.0 


+68 


32 


34 


0. 


.824 


8.6 


10.6 


19.3 


10.3 


2.13 


-0.66 


RXJ1757 


1 


17 


57 


25. 


.2 


+66 


31 


50 


0. 


.693 


1.9 


5.1 


7.1 


6.1 


0.24 


-2.11 



a Rest frame X-ray luminosity in units of 10 42 ergs s 1 . Soft, hard, and full bands are defined as 0.5-2.0, 2.0-8.0, 
and 0.5-8.0 keV, respectively. 

b Largest detection significance (in cr's) in the three X-ray bands. 

c Projected two-dimensional distance to the nearest confirmed cluster or group. An asterisk indicates that the 
AGN host is not believed to be associated with the nearest cluster, which is defined here as a redshift separation 
of more than 0.01. For the two C10023 groups that are overlapping on the plane of the sky, distance was only 
calculated to the closer group in redshift space. Distances were not calculated to C11604 cluster E, for which no 
redshift maximum could be determined. Note that only Clusters A, B, D, and I are confirmed in C11324. Only 
distances less than 3 Mpc are listed. 

d Scaled offset from the center of the red sequence fit in units of RS widths, Wrs- Refer to Sections 14.21 and 16.21 
Only C11604 AGNs with ACS data available for hosts are included. 
° Undetected in respective band. 

f Member of a close kinematic pair (see Section l6.2l l. 
g Has two close kinematically associated companions. 
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Figure 10. Offsets from the red sequence (RS) for AGN host 
galaxies. Panel (a) shows only those offsets calculated using the 
LFC r' — i' colors, which includes all fields except for C11604. 
Panel (b) shows C11604 AGN host galaxies where the ACS F606W- 
F814W colors were used (hashed histogram). Note that these off- 
sets are calculated from the center of the red sequence, and the 
RS boundaries differ from field to field. In panel (c), all five fields 
are included and are scaled by the red sequence widths. In panels 
(b) and (c), scaled distributions of all spectroscopically confirmed 
superclustcr members are also shown for reference (light-outlined 
solid histograms). In all panels, evolved structures members are 
indicated with thick-outlined histograms, while members of the 
unevolvcd structures are indicated by hashed histograms. 

tion on the broadband colors of our sample. Preliminary 
results from SED fitting of the C11604 hosts suggest that 
extinction lev els in our sample a r e not as drastic as those 
presented by iCardamone etldl (|2010[ ). It is also possi- 
ble that AGN host colors are contaminated by the AGNs 
themselves. However, this is unlikely because (1) almost 
all AGN hosts in our sample have rest-frame X-ray lu- 



minosities below the quasi-stella r object (QSO) level of 
10 44 erg s" 1 (see SecEEJ) and (2) IKocevskietaLl (|2009b[ ) 
found that, in C11604, AGN hosts with blue cores did not 
have a rising blue continuum indicative of QSO activity. 
Therefore, we proceed to investigate the AGN associa- 
tion with the transition zone and to explore differences 
in the evolutionary states of their host galaxies in each 
field by examining color offsets of the AGN hosts from 
the red sequence. 

Histograms of offsets from the center of the red se- 
quence are shown in Figure 1101 The first two panels 
present offsets in terms of color. In the top panel, only 
the structures where LFC data were used are shown, 
which is every field except C11604. The middle panel 
shows only C11604, for which we used ACS colors. In the 
bottom panel, all five structures are shown, with nor- 
malized offsets. In order to compare the ACS and LFC 
data, we scale by the red sequence width, Wrs- We 
define Wrs as the distance from the ce nter of the red 
sequence fit to its boundary (see Section 14.21 and Figure 
[2|). On this plot, AGN hosts on the red sequence will 
then be located between -1.0 and 1.0. 

With red sequence offsets, we can quantitatively exam- 
ine the green valley. In Figure fTOl b). we plot a histogram 
of RS offsets, measured from the ACS data, for the AGNs 
in the C11604 superclustcr. For comparison, we overplot 
a scaled distribution of RS offsets for all spectroscopically 
confirmed supercluster members with ACS photometry. 
In the scaled histogram, we can clearly see an area of 
reduced number density between the red sequence and 
blue cloud. For C11604, the green valley can be approx- 
imated as the region — 2>Wrs < AC < —Wrs 7 where 
AC is the offset of an AGN host from the center of the 
red sequence. Only ~ 17% of all confirmed supercluster 
members with ACS data fall within this region. However, 
five out of eight of the C11604 AGN hosts with ACS data 
reside within it. While it is unclear how well this defini- 
tion of the green valley extends to LFC data, because of 
larger photometric errors, we can see in Figure llOb that 
36% of all host galaxies have -2W RS < AC < -Wrs 
and 60% are in the range -3Wrs < AC < -Wrs. 

While many galaxies in both the evolved and unevolved 
structures lie in the 'green valley' region, the percentage 
of AGNs on the red sequence is somewhat higher in the 
evolved structures compared to the unevolved structures, 
with 30% and 20%, respectively. Examining Figure [TU1 
we can see the distribution of AGN hosts in evolved struc- 
tures is clustered closer to the red sequence, while in 
the unevolved structures, this distribution has a large 
tail extending into the blue cloud. Indeed, none of the 
AGN host galaxies in the evolved structures have AC 
< — 3Wrs, whereas four of the X-ray AGN hosts in the 
unevolved structures have red-sequence offsets below this 
limit. Although these results are suggestive (and unaf- 
fected by our inclusion of the < 3er X-ray sources), the 
two distributions are not statistically different based on 
the K-S test. 

Morphological analysis by iKocevski et al.l (|2009a|) has 
shown that ~ 67% of the X-ray AGNs in C11604 have had 
recent mergers or tidal interactions, which could fuel star 
formation through starburst events. More recent mergers 
or interactions are one possible explanation for some of 
the color differences that we see between the AGN host 
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galaxies in the evolved and unevolved structures. In par- 
ticular, we find that nine of the AGN host galaxies are 
members of a kinematic close pair with a relative line-of- 
sight velocity of Av < 350 km s _1 and projected physical 
separ ation (on the pl ane of the sky) of Ar p < 70 hfp 1 kpc 
Ce.g.. lLin et aTI[2007l) . Two are in C10023, five in C11604, 
one in C11324, and one in RXJ1821 (see Table©. Those 
AGN hosts in pairs include three out of the four galaxies 
with the largest red sequence offsets (i.e., the bluest), all 
of which are members of the unevolved structures. Based 
on their z' magnitudes or measur ed stellar masses (in t he 
case of the C11604 members; see iLemaux et all (|2012h ). 
seven out of the nine kinematic pairs have flux or mass 
ratios of > 50%, implying a major merger scenario. 

The differences in color and, perhaps, merger activity 
are likely related to the increased level of star forma- 
tion and starburst activity in the unevolved compared 
to evolved structures (see Section |4*3|) . To explore the 
connection between the AGN and star formation history, 
we can use our high-resolution spectroscopy to examine 
the average spectral properties of their host galaxies. 
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6.3. Average Spectral Properties of AGN Hosts 

We measure the average spectral properties of the AGN 
host galaxies in the five ORELSE structures using three 
composite spectra: one comprised of six AGNs from 
C1002SQ one comprised of all ten AGNs from C11604, 
and one comprised of the ten AGNs from the combined 
fields of C11324, RXJ1821, and RXJ1757. The last spec- 
trum combines all the evolved structures, necessitated 
by the low number of AGNs in RXJ1821 and RXJ1757 
compared with the other structures. These three com- 
posite spectra are shown in Figure fTTl and measurements 
of spectral features are listed in Table [9l 

First, we can see that the AGN hosts in all three group- 
ings have substantial [O II] emission. In C11604 and 
the evolved structures, most of this emission is proba- 
bly from the AGNs, rather than star formation. Six of 
the ten A GN host galaxie s in ou r C11604 sample were an 
alyzed by iKocevski et al.l (|2011f) using the Keck II Near 
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Infra red Echelle Spectrograph (NIRSPE GlMcLean et al 
1998). For five out of the six targets, IKocevski et al 
(j 2 1 lh found that the [N II] /Ha flux ratio was too large 
for a normal star-forming galaxy, which implies that 
AGNs are the dominan t contributor to [O II] emission 
(jKauffmann et al.l l200l . The C11324, RXJ1821, and 
RXJ1757 structures have AGNs mostly near or on the 
red sequence. In addition, we found in Section |4] that 
star formation is low in all three structures (< 30% of 
all galaxies are star-forming ). Because of this lo w star 
formation rate, and because ILemaux et al.l (|2010f ) found 
that ~ 90% of red [O II] emitters are dominated by 
LINER/Seyfert emission, it is likely that most of the 
[O II] emission from the AGN host galaxies in the evolved 
structures comes from the AGNs as well. 

Deciphering the origin of the [O II] emission in the 
AGN host galaxies in C10023 is not as straightforward. 
While some AGN host galaxies in C10023 are on the red 
sequence, the structure also has the bluest host galax- 
ies in our sample. Also, as discussed in Sectional there 
is significant star formation in the general population 
of C10023. Whil e this is also true of C 11604, the NIR- 
SPEC results of IKocevski et al.l f|201 lh showed most of 
the [O II] emission in the AGN host galaxies in that struc- 
ture comes from the AGNs. However, we do not have 
any near-IR spectroscopic data for the C10023 AGNs, 
so we must use other means to determine the emis- 
sion source. The average [Ne III]/[0 II] ratio of the 
C10023 X-ray AGN hosts is 0.429, typical of type- 2 AGN 
emission, emission from metal-poor star formation, or 
a superposition of t he two processes (|Naeao et all [2006; 
iTrouille et all 120 111 ). Note that C11604 and the evolved 
structures have values of the [Ne III]/[0 II] ratio of 0.549 
and 0.229, respectively, also typical of type-2 AGN emis- 
sion. Combining this result with the blue colors of the 
C10023 hosts and the high fraction of star-forming galax- 
ies, it is likely that the observed [O II] emission of the 



Figure 11. Composite spectra for three bins of AGNs from the 
five fields studied here. The top bin includes AGN hosts from 
C11324, RXJ1821, and RXJ1757. Dashed lines indicate spectral 
features of interest. Notice the increasing depth of the H<5 absorp- 
tion feature, which tracks recent star formation, going from the 
least evolved structure in our survey, C10023, to the top bin, made 
up of the most evolved structures. While all three spectra have 
significant differences, C10023 seems to be the only structure with 
substantial Balmer line emission and ongoing star formation. 



14 While we have seven AGNs in our C10023 sample, one was not 
included in the composite spectrum. Our C10023 sample contains 
two AGNs which are not type-2 (C10023 is the only structure with 
any such AGN). One of these AGNs has very broad-line features 
(rotational velocities > 1000 km s -1 ) which would dominate a 
composite spectrum and was therefore not included. While the 
other has a very broad Ne V line, the other features are narrow 
and do not dominate the composite spectrum. As a result, it was 
included. 
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AGN hosts in C10023 is due to a combination of normal 
star formation and type-2 AGN activity. 

Examination of the Balmer features reveals further in- 
sight into the star formation histories of the AGN host 
galaxies. Specifically, based on a single stellar popula- 
tion model, the EW(H^) rises quickly from zero after a 
starburst in a galaxy, peaks after about 300-500 Myr, 
and then declines b ack to approximately zero at ~ 1 
Gyr after the burst (jPoggianti fc Barbarol [19971) . Infill 
can complicate the interpretation of this feature, so care 
must be taken when measuring the line strength. For 
the composite spectrum of the C10023 AGN hosts, the 
equivalent width of H<5, attempting to correct for infill, 
is consistent with zero. However, we observe strong emis- 
sion from other Balmer features, KW(H(3) = —7.81^03 
and EW(i?7) = — 2.55A, suggesting that emission infill 
has a significant effect on the measured EW(ffi). This 
infill could be due to emission from H II regions, emis- 
sion from AGNs or some other LINER processes, or from 
continuum emission produced by O stars. Since we ob- 
serve H/3 and H7 in emission, it is unlikely that O stars 
are solely responsible for the observed EW(H<5). The 
Balmer emission lines observed in the C10023 AGN hosts 
are not broaoP^I and are quite strong. In the average type- 
2 AGN, a large fracti on of the Balmer emissi on originates 
from star formation (iKauffmann et aLll2003f ). which sug- 
gests ongoing star formation in the C10023 hosts. Com- 
pared to C10023, H7 emission from the C11604 hosts 
is low, with EW(H7) = -0.69±0.17, which is consistent 
with a lower level of star formation in the superclusteiFI. 
Balmer lines for the evolved structures are in absorption, 
EW(H/3) = 0.48±0.12 and EW(H 7 ) = 1.41±0.16, con- 
sistent with an even lower level of star formation. These 
results combined with the earlier result analyzing the 
average [Ne III]/[0 II] ratios of the AGN hosts strongly 
indicates that star formation is occurring in the C10023 
galaxies coevally with AGN activity, while less star for- 
mation activity is occuring in the other structures. 

The H<5 equivalent widths, combined with measure- 
ments of the 4000A break, suggest that starbursts have 
occurred more recently in the average C11604 AGN host 
compared to those in the evolved structures. Larger val- 
ues of D n (4000) indicate a more passive galaxy, with 
an older average stellar population, which could mean 
that more time has passed since the cessation of sta r 
formation (jBalogh et all 119991: IKauffmann et all I2003D . 
The EW(H(5) measured from the C11604 composite is 
2.14±0.19A, roughly half of that from the evolved struc- 
tures composite. Similarly, the C11604 composite has a 
lower value for D n (4000) than those in the evolved struc- 
tures, indicating that the average C11604 host is more 
actively star-forming or has a younger stellar population 
on average. This result is supported by the bluer col- 
ors of the C11604 AGN hosts compared to those in the 

15 Because a significant number of the AGN host spectra across 
all fields do not have spectral coverage including the H/3 line, Figure 
1111 was not drawn out to this range. However, approximately two- 
thirds of AGNs in the C10023 structure do have spectral coverage 
for H/3, and the measurement presented here represents the average 
value for these galaxies. 

16 With the exception of the type-1 AGN excluded from the 
composite spectrum, rotational velocities are < 200 km s . 

17 EW(H/9) could not be measured for a majority of galaxies in 
the C11604 host sample. 



evolved structures. All of these results imply the average 
C11604 host has had a starburst more recently than the 
average AGN host in the evolved structures. 

The AGN host composite spectra for C10023 has a par- 
ticularly low D n (4000) measurement (see Table [9]). Since 
we found that this composite spectra (which excluded 
one broadline source) was consistent with type-2 AGNs, 
the AGNs themselves should not contribute most of the 
blue continuum. This points to a stellar source, partic- 
ulary O and B stars. We would then expect significant 
star formation in the C10023 hosts within the last 10-100 
Myr, as indicated by the other spectral features as well. 

Related to the D n (4000) measurement, the Ca II H+He 
and the Ca II K lines also provide information on star 
formation. For F, G, and K stars, the ratio of these 
lines is constant, while the Ca II H+He/Ca II K ratio 
increases for A and B stars as the over all Ca II str ength 
decreases and the He strength increases (|Rosdll985h . The 
Ca II H+He/Ca II K ratio is 1.58 ± 0.13 for C11604 and 
1.02 ±0.02 for the evolved structures (see Table[9]), con- 
sistent with the evolved structures having (on average) 
older stellar populations. We do see a decrease in the 
overall strengths of both Ca II lines in the average spec- 
trum of the C10023 host galaxies relative to the other 
structures; however, we actually measure a dramatic de- 
crease in the ratio for C10023 (0.42±0.07), the opposite of 
what is expected from a population of A and B stars. The 
most likely explanation is significant He emission, which 
would be in concert with the other observed Balmer emis- 
sion. The He emission could be coming from some com- 
bination of AGNs and H II regions, which would support 
previous conclusions about the level of activity in the 
C10023 hosts. 

Altogether, the composite spectra of the AGN hosts 
in all three bins of Figure [TTJ show that the average host 
galaxy has ongoing star formation or has had star for- 
mation within the last ~ 1 Gyr. However, the hosts in 
C11604 and the evolved structures each have, on average, 
less ongoing star formation than C10023, as evidenced by 
larger values of D n (4000) and the absence of the Balmer 
emission that is observed in C10023. These differences 
suggest a progression in the temporal proximity of the 
last starburst event, with the hosts in C10023 having sig- 
nificant ongoing star formation characteristic of a current 
starburst, to those in C11604 and the evolved structures 
each having successively more time since the last signif- 
icant starburst event. We have confirmed that none of 
our results based on the composite spectra are changed 
by removing the four lowest significance (<3 a) X-ray 
sources from our sample, with most spectral measure- 
ments remaining the same within the errors. 

With our analysis of the composite spectra of AGN 
host galaxies in the different structures, we can com- 
pare the average properties of these hosts with the aver- 
age properties of all spectroscopically confirmed galaxies 
within the same structures. In Section 31 we found that 
the galaxy populations in the evolved structures were 
largely quiescent, with little or no contribution from star- 
burst or post-starburst galaxies. In contrast, the popula- 
tions in the unevolved structures were comprised of large 
fractions of star-forming galaxies, with a more significant 
contribution from starburst or post-starburst galaxies. 
When comparing these results to the average spectral 
properties of the AGN hosts, we find that, in all cases, 
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Table 9 

Spectral Measurements of AGN Hosts 



Bin Num. of EW([0 Il]) a EW(H5) a - b D n (4000) c Ca II H+He/Ca II K d 

Galaxies (A) (A) 

C10023 6 -11.20 ±0.21 0.36 ± 0.39 1.05 ± 0.003 0.42 ± 0.07 

C11604 10 -7.09 ±0.17 2.14 ±0.19 1.22 ± 0.005 1.58 ±0.13 

Evolved Sys. c 10 -12.92 ± 0.21 4.51 ±0.15 1.44 ±0.006 1.02 ±0.02 

a Measured using bandpasses from [Fisher ct al. I|1998l ). 

b Corrected fo r infill from emission, based on EW([0 II]). We use the method described in 
IKocevski et alj 1 12011 1!). although we made a slightly different choice for the relationship between 
EW(Ha) and EW([0 II]) appropri ate for Seyfert galaxi es. 
c Measured using bandpasses from Balogh ct al. (1999). 

d The equivalent widths are measured by fitting a line to the background and a Gaussian to the 
absorption feature. 

° Includes C11324, RXJ1821, and RXJ1757. 



the average AGN host galaxy has a younger stellar popu- 
lation than the average galaxy in the parent structure, ir- 
regardless of the evolved or unevolved classification. This 
result holds even when comparing to member galaxies 
outside the dense cluster cores (> 0.5 Mpc), where the 
vast majority of X-ray AGNs reside. 

The most prominent difference comes from the evolved 
structures where their average AGN host galaxy has sig- 
nificantly larger EW(H<5) and smaller D n (4000) than the 
average structure member, indicative of a post-starburst 
galaxy with a substantial star-formation event within the 
last ~ 1 Gyr. Such galaxies make a small contribution to 
the overall population in the evolved structures, which is 
largely quiescent. While we do observe clear differences 
between the spectra of the AGN hosts, with those in 
C10023 having significant ongoing star formation to those 
in the evolved structures having the most time since the 
last significant starburst event, these differences are not 
nearly as pronounced as the differences between the av- 
erage galaxy in each structure. This suggests that AGN 
activity has a common origin associated with current or 
recent star-formation. 

6.4. X-ray Luminosity 

In this section, we explore the differences between the 
structures and AGN host properties based on the X-ray 
luminosities of the confirmed AGNs. We calculate rest- 
frame luminosities for X-ray point sources with known 
rcdshifts. K-corrections were carried out using the power 
law spectral models for sources, with a photon index of 
7 = 1.4, described in Section [3] Luminosities are mea- 
sured in the X-ray soft, hard, and full bands. A his- 
togram of full-band rest-frame luminosit\P^l. binned by 
evolved and unevolved structures, is shown in Figure [T2l 
The luminosity distributions in the soft and hard bands 
are similar to the one shown. 

In the left panel of Figure[T2J we can see that the AGNs 
in the unevolved structures have higher X-ray luminosi- 
ties than those in the more evolved structures. K-S tests 
show that the distributions of the two bins are differ- 
ent at the 99% level in each of the three bands. This 
statistically-significant result is independent of our in- 
clusion of the four low-significance (< 3cr) X-ray sources. 

While 10 out of 17 AGNs in the unevolved struc- 
tures have full band luminosities above L x — 10 43 3 

18 Note that we are using all ten AGNs from C11604 here, not 
just the eight in our ACS pointings. 



ergs s _1 , there are no AGNs above this limit in C11324, 
RXJ1757, or RXJ1821. We follow a Bayesian approach, 
using Poisson statistics to calculate the likelihoods, to 
estimate the probability of finding no high L x AGNs 
in the evolved structures (Nf ct — 0) given the detec- 
tion rate in the unevolved structures. Specifically, we 
calculate P(Nf ct = | N™ , iV™, iV t E arg ). Here, A d u J 
is the number of high L x AGNs that are spectroscop- 
ically confirmed members in the unevolved structures, 
and N^ g and iV t E rg are the total number of high L x 
AGNs that were targeted for spectroscopy in the un- 
evolved and evolved structures, respectively. Based on 
this calculation, the probability of finding no high L x 
AGNs in the evolved structures is only 0.25%. This 
result is likely related to the smaller fractions of blue 
cloud galaxies (and overall more quiescent populations) 
in C11324, RXJ1757, or RXJ1821 and, thus, the unavail- 
ability of large gas reservoirs. 

At the faint end, there are four sources in the evolved 
structures below 10 42 ' 5 /if 2 ergs s _1 , all of which are 
members of C11324. However, the X-ray source counts, 
in all five fields, are significantly incomplete at these lu- 
minosity levels with only ~ 5% of optically matched X- 
ray sources below this limit, most of which are < 3c 
detections. Therefore, we cannot say anything defini- 
tive about the lack of faint sources in the unevolved 
structures; however, if we remove the four low-luminosity 
sources, the difference between the luminosity distribu- 
tions in the evolved and unevolved samples is still sig- 
nificant at a 95% level according to the K-S test. The 
reasonably high significance is clearly due to the lack of 
high-luminosity sources in the evolved structures. 

6.4.1. Relation to Host Galaxy Color 

In the right panel of Figure [12j we plot the full- 
band rest-frame luminosity versus the red-sequence off- 
set, scaled by RS width (see Section I6.2|) . From this 
figure, we can see that all AGNs with host galaxies on 
the red-sequence have lower X-ray luminosities, all be- 
low L x < 10 43 3 ergs s" 1 (Region 4). This result is not 
unexpected since AGN activity should diminish as the 
host galaxy moves onto the red sequence. We can also 
see that 60% of the confirmed AGNs lie in the green val- 
ley (-3W RS < AC < -W RS ; Regions 2 and 3). Most 
interestingly, in the green valley there are almost two 
orders of magnitude variation in X-ray luminosity, with 
the unevolved structures having all of the highest Lx 
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Figure 12. (Left: rest-frame X-ray luminosities of AGNs in the full band (0.5-8 keV). Thick-outlined histograms indicate members of 
C11324, RXJ1821, and RXJ1757, while members of C11604 and C10023 are shown with hashed histograms. The former make up a bin 
of more evolved structures, and the distribution demonstrates that AGNs in these clusters tend to have lower luminosities than the less 
evolved structures. Right: AGN rest-frame full-band X-ray luminosities plotted against host galaxy color offsets from the red sequence, 
scaled by the red sequence width. AGN hosts from C11604 and C10023 are shown with diamonds, while those from the three evolved 
structures are shown with squares. The horizontal line delineates between regions of high and low X-ray luminosity (at L x = 10 43 3 erg 
s —1 ), and the vertical lines delineate the color regi ons of the blue cloud, green valley, and red sequence, respectively. We observe AGNs in 
Regions 1-4 but none in Regions 5-6. See Section 16.4.21 for details. 



sources. We try to decipher the origin of these variations 
in Section |6A2"1 

We also do not detect any low L x blue AGNs (Region 
5) or any high L x red AGNs (Region 6), not necessar- 
ily unexpected given their expected gas contents. How- 
ever, it is difficult to say for certain if these null results 
are significant. We do sample optically matched X-ray 
sources in these regions. Specifically, in the five fields, 
there are a total of 85 sources (at > 3er) in Region 5 
(-G.IWrs < AC < -3W RS and I0 42 5 < L x < 10 43 3 
ergs s -1 ), of which we have targeted 24 (28%). Here, 
we estimate the X-ray luminosities by assuming that all 
sources in a particular field are at the mean redshift of the 
structure, and we choose the lower limit of L x = 10 42 ' 5 
ergs s _1 so as not to be adve rsely affected by in com- 
pleteness (see above). Based on Bargcr et al. (2005]), the 
X-ray luminosity function of field AGNs at similar red- 
shifts in "optically normal" galaxies (comparable to the 
vast majority of our AGN hosts) shows increasing num- 
ber densities down to L x 10 42 ergs s _1 . As a result, we 
would naively expect to detect a larger number of fainter 
X-ray sources in the blue cloud. Using the Bayesian ap- 
proach described in Section r6.4[ the probability of finding 
no AGN in Region 5 is 3%, given our success rate of con- 
firming cluster members for the high L x blue galaxies 
(Region 1). This formal probability may, in fact, be an 
upper limit as we would expect a higher success rate given 
the larger number densities at fainter X-ray luminosities. 
The fact that we observe no low L x blue galaxies in our 
sample may suggest that, in high-density environments 
compared to the field, either (1) the time to reach the 
highest X-ray luminosities is shorter after AGN turn-on 
or (2) the host galaxies are transformed more quickly, 
moving to redder colors by the time their X-ray lumi- 
nosities drop to lower levels. 



Similarly, there are 25 sources in Region 6 (— IWrs > 
AC > 2W RS and L x > 10 43 3 ergs s" 1 ), of which we 
have targeted 7 (28%). If we assume our success rate for 
confirming cluster members as measured from all high 
L x AGNs (Regions I and 2), the probability of finding 
no AGN in Region 6 is 18%. Although not a significant 
result, the conclusions for this region are, of course, more 
obvious as we do not expect any true red-sequence (i.e., 
non-dust reddened) galaxies to have enough cold gas to 
fuel a luminous AGN. 

6.4.2. Relation to Average Spectral Properties 

To explore the origin of the variations observed in 
Figure we examine the average spectral properties 
of the host galaxies within the four distinct regions. 
Specifically, the sample is split by X-ray luminosity at 
L x = I0 43 3 and red-sequence offset, scaled by RS width, 
to delineate regions containing high L x blue cloud (Re- 
gion 1), high L x (Region 2) and low L x (Region 3) green 
valley, and low L x red-sequence (Region 4) host galax- 
ies. In Figure Q21 we plot the measured EW(H<5) versus 
D n (4000) from the spectral composites in the four re- 
gions. For comparison, we also plot post - starb urst tem- 
poral regimes derived from four IBruzuall ()2007D models, 
described in Section 1431 

The small D„(4000) and US in emission indicate that 
the high L x blue hosts are coeval with the starburst or 
ongoing star formation. As we examine galaxies in Re- 
gions 2 to 4 going from the high to low L x hosts in the 
green valley to the low L x hosts in the red sequence, 
the time since the burst gets progressively larger. While 
there is some degeneracy between time since burst and 
burst strength, it is clear that the low L x green valley 
hosts are either (1) further along since the burst than 
their high L x counterparts or (2) had a weaker initial 
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burst which could explain their lower X-ray luminosities 
as less gas would likely be tunneled to the center. Our re- 
sults are robust to removing the four lowest significance 
(< 3cr) X-ray sources, as well as the four X-ray sources 
below L x = lO 42 5 ergs s _1 , where in both cases we are 
highly incomplete. 

The most striking results from this spectral analysis 
are, first, that the average AGN host in every region is 
either in the process of having a starburst or has had one 
within last < 1 Gyr. This global finding clearly demon- 
strates the close connection between starburst and AGN 
activity as normal star formation does not typically pro- 
duce the H<5 values seen in these host galaxies. Second, 
we do not detect high X-ray luminosity, young (as in- 
dicated by time since starburst) galaxies in the evolved 
structures. This result implies that the entire galaxy 
population in these structures (certainly in the isolated, 
X-ray selected ones) are more advanced, suggesting that 
the peak of gas consumption, seen in both star formation 
and AGN activity, occurred at an earlier time. 
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Figure 13. EW(H<5) vs. D n (4000) from th e co mposites made by 
AGN host galaxies in Regions 1-4 of Figure H"2l For comparison, 
the ranges of EW(H<5)-D n (4000) p hase s pace spanned by four dif- 
ferent Bruzual & Chariot (Bruzual 2007*) models for various times 
after the starburst are shown. Because Bruzual & Chariot mod- 
els only incorporate stellar light, emission infill corre ctions were 
made for all EW(H<5) measurements (see Section 14.31 for details). 
The average host galaxy in each region either is in the process of 
having a starburst or has had one within the last < 1 Gyr. The 
hosts of AGNs with higher X-ray luminosities, even when compar- 
ing green valley galaxies, have younger stellar populations, with 
shorter times since the last burst. A typical error bar is shown in 
the upper left corner. 



7. DISCUSSION 

We studied AGN activity in five high-redshift clusters 
and superclusters in the redshift range z w 0.7—0.9. Be- 
fore identifying individual AGNs, we analyzed the struc- 
tures using the statistical measure of cumulative source 
counts. We found every structure to have X-ray excesses 
of 0.5-1.5 a with respect to the CDFN and CDFS con- 
trol fields. The method is highly dependent on the field 
used as a sky estimate, w hich makes comparing results 
between studies difficult. iCappelluti et al.l ([2005; mea- 
sured cumulative source counts in a number of structures 
in the range 0.2 < z < 1.4 and found a dependence on 
redshift. While our data are consistent within the er- 



rors with the results of C05, our redshift range is not 
large enough to evaluate the relation. We note that it 
is difficult to use these overdensities to interpret the ac- 
tual AGN activity in an individual structure, even with 
extensive spectroscopy, as we have attempted to do here 
with our large spectroscopic sample. We recommend cau- 
tion in using this technique, as its precision can easily be 
overestimated. 

We employed a maximum likelihood technique to 
match X-ray sources to optical counterparts. With 
an extensive DEIMOS optical spectroscopic campaign 
with ~ 6000 targets, accurate redshifts have been ob- 
tained for 126 of these X-ray sources, allowing us to 
identify a total of 27 AGNs within all of the struc- 
tures. These results show that significant spectroscopy 
is needed to confirm even small numbers of AGN mem- 
bers. We find that the spatial distribution of the AGN 
is largely consistent with previous work at lower red- 
shift. Across all five structures, we find that AGN 
host galaxies tend to be located away from dense cores 
(within 0.5 Mpc of a cluster or group center), with many 
instead located on the outskirts of clusters or poorer 
groups^- Previous studies have found similar results up 
to z ~ 1 fColdweh et all l200l iKau ffmann et~aTl 12001 
iGilmour et al.l l2007t iKocevski et al.l l2009bO . These in- 
termediate environments are thought to be conducive to 
galaxy-galaxy interactions, because of the relatively high 
densities compared to the field a nd low velocity disper - 
sions compared to cluster cores (jCavaliere et all [1992). 
Our results would then lend support to these interactions 
as the trigger of X-ray AGN activity in the environments 
of LSSs. However, these may also be regions where gas 
availability is higher in the member galaxies, which could 
lead to increased AGN activity. 

With optical counterparts to X-ray sources identified, 
we were able to analyze the color properties of AGN 
hosts. Our analysis showed that AGN host galaxies 
are overrepresented in the green valley. In C11604, only 
~ 17% of all the supercluster members with ACS data 
were within 2Wrs of the lower boundary of the red se- 
quence, where Wrs is the width of the red sequence, 
defined in Section [4] However, five out of the eight AGN 
hosts in our ACS pointings were in this range. In fact, 
36% of host galaxies in all five structures lie within Wrs 
of the lower boundary of the red sequence and 60% are 
within 2Wrs- Our results are supported by other studies 
which have found an overabundance of AGN activity in 
the green valley (iNandra et al.ll2007t iGeqrgakakis et al.l 
120081: iSilverman et al.l 120081: iHickox et al.l I2009D . Since 
the green v alley is thought to be a transitional region 
for galaxies (|Faber et al. 120071) . these results suggest X- 
ray AGNs in LSS are a transitional population between 
blue star-forming and red quiescent galaxies. However, 
we note that, while our sample is magnitude- limited, 
several studies using mass-selected samples have found 
less overrepresentation of AGN hosts in t he green valley 
(ISilverman et al.l|2009bt Kue et al1l2010l ). Additionally, 
ICardamone et all (|2010T ) have found that ~ 75% of AGN 
hosts in the green valley are dust-reddened blue cloud 
galaxies, although these resul ts conflict with the recent 
studies of lRosario et al.l ()2011l ) . Our results from prelim- 
inary SED fittings to AGN hosts suggest that the effect 

19 Only including groups with a > 300 km s — 1 . 
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is not as drastic in our sample. 

The five structures studied in this paper occupy a 
range of evolutionary states. Based on the [O II] and 
US features of the composite spectra for each structure, 
we grouped our sample into the least evolved structures 
("unevolved"), C11604 and C10023, and the most evolved 
structures ("evolved"), C11324, RXJ1821, and RXJ1757. 
This distinction is based on the average stellar popula- 
tions and the presence, or lack thereof, of current star 
formation. With these two categories, we sought to ex- 
plore differences in AGN activity between structures with 
different galaxy populations. We did not find any signif- 
icant differences between the five structures when exam- 
ining the cumulative source counts or the spatial dis- 
tributions of the AGN hosts. However, the AGN host 
galaxies in the unevolved structures were skewed more 
towards bluer colors, although this was not at a statisti- 
cally significant level for this sample size. 

We did, however, find significant differences between 
the subsets when examining the X-ray luminosities of 
the AGNs and the optical spectra of their hosts. We 
found that AGNs in the unevolved structures tend to 
have higher full band (0.5-8 keV) X-ray luminosities rel- 
ative to those in the evolved structures at a 99% level, 
with all of the most luminous AGNs (L x > 10 43 3 erg s" 1 ) 
found in the unevolved structures. While all AGN host 
galaxies either have on-going star formation or have had a 
starburst within the last < 1 Gyr, the host galaxies in the 
unevolved structures are distinctly younger than those in 
the evolved structures, with shorter times since the last 
starburst as indicated by smaller average EW(HS) and 
D n (4000) in their composite spectra. The average C10023 
host has current star formation, and the average C11604 
host has had a burst within the last ~ 100 Myr. We 
do not detect any of these young, high X-ray luminosity 
AGNs in the evolved structures, implying that the peak 
of both star formation and AGN activity occurred at an 
earlier time. We note that, regardless of whether they 
are members of the evolved or unevolved structures, all 
AGN host galaxies are younger than the average galaxy 
in their parent population. 

We also find a large (two orders of magnitude) varia- 
tion in X-ray luminosity for AGNs within the green val- 
ley, while AGNs in the red sequence have consistently 
lower luminosities (L x < 10 43 ' 3 erg s _1 ). As we move 
from the high to low L x green-valley hosts to low L x 
red-sequence hosts, the time since starburst gets pro- 
gressively longer. Although there is some degeneracy 
between burst strength and time since burst, the low L x 
green valley hosts are either further along since the burst 
than their high L x counterparts or have had a weaker 
initial burst, which may explain their lower X-ray lumi- 
nosities. 

The higher AGN X-ray luminosities in the unevolved 
structures are most likely related to their bluer col- 
ors and, hence, larger reservoirs of gas that could lead 
to higher levels of black hole accretion and the higher 
X-ray luminosities. In addition, both the X-ray and 
spectral results can be explained if these galaxies had 
more recently undergone merger-induced, or other, star- 
burst events. Specifically, simulations and observations 
have found that AGN activity peaks soon after max- 
imum star formation in a starburst event (^0 . 1-0.25 
Gyr) (|Davies et al.1 [20071 ISchawinski eTaTl [20071 [200l 



IWild et alJ[2^rllHoDkinsl[20Tl . As the AGN X-ray lu- 
minosity declines after reaching its peak, the star for- 
mation rate should be declining as well. This could ex- 
plain why the most X-ray luminous AGNs are in the 
least evolved structures. AGN host galaxies in C10023 
were also found to have significant ongoing star forma- 
tion, which could mean these galaxies have had the most 
recent merger events, where star formation is still near 
its peak. 

The X-ray luminosity differences between the AGNs 
in the evolved and unevolved structures could also be 
viewed as a transition from quasar mode emission to- 
wards radio mode emission, as d e fined in iCroton et al.l 
(120061) and iMcNamara fc Nulsenl (|2007ft . which is also 
related to the star formation rate. Since AGN feedback 
deters gas from falling into the core and depletes the 
cold gas in a galaxy, the fuel for both star formation and 
further AGN emission is decreased. Ultimately, the dom- 
inant fuel for black hole accretion transitions from cold 
gas funneled to the galactic core from the starburst event 
to hot halo gas, which le a ds to a much more quiesce nt 
state (|Croton et al.l [2001 IMcNamara fc Nulsen l [20071 : 
for a similar m o del, s ee also, e.g.. iBower et al.1 ([20061. 
iFanidakis et~aT1 1)20111 )). In our sample, the C10023 
AGNs are emitting more similarly to the quasar mode, 
accompanied by substantial star formation. The AGN 
host galaxies in C11604 and the evolved structures have 
lower star formation rates than those in C10023, while 
the evolved structures have AGNs with lower X-ray lu- 
minosities, which suggests that they are sequentially fur- 
ther along the track leading toward domination of radio 
mode AGN emission. If the AGNs in the evolved struc- 
tures were found to be radio emitters, it would support 
these conclusions. Existing VLA B-array observations 
(at 1.4 Ghz) of these five structures are currently being 
analyzed to explore this connection (CD. Fassnacht et 
al. 2012, in preparation). 

Altogether, many of our results could support several 
potential AGN triggering scenarios. Two possibilities are 
that: (1) AGNs in these structures represent a transi- 
tional population where hosts are evolving from the blue 
cloud onto the red sequence or (2) AGNs represent a 
population evolving mainly in mass space, where red se- 
quence hosts have undergone episodic nuclear star forma- 
tion induced by minor mergers. Additionally, many ob- 
servable effects of the latter would appear similar to mod- 
els in which recycled stellar material fuels central star- 
bursts and nuclear activity in elliptical galaxies, which 
tend to be located on the red sequence. In the first case, 
AGNs are triggered by mergers or strong tidal interac- 
tions which lead to a starburst. The feedback from the 
AGN quenches star formation, leading to a rapid evolu- 
tion across the green valley and onto the red sequence 
( Hop kins et al.ll2005l: iSprineel et al.l l2"005T: iHopkins et all 
120071: ISomerTiile" et al.l [2008T ) . In the second case, red 
sequence galaxies undergo minor mergers, which funnel 
gas into the galactic core, creating a burst of nuclear 
star formation and fueling the AGN (jMenanteau et ahl 
1200 lh . Alternatively, recycled stellar material could cre- 
ate a nuclear starburst and a central instability, leading 
to black hole accretion (jCiotti &: Os triker 2003). In ei- 
ther case, the galaxies could evolve into the green val- 
ley before AGN feedback brought them onto the red se- 
quence again. Once on the red sequence, there would not 



Analysis of X-ray AGN in High-z LSS 



27 



be a large net change in color, in contrast to the dramatic 
color evoltion of the first possibility. In the case of minor 
mergers, this process would mainly entail an evolution in 
mass. 

In support of AGNs as a transitional population, many 
of the host galaxies across all five structures are located 
close to the red sequence, where the green valley should 
lie, although it is difficult to determine the location of the 
green valley in the four structures without precise ACS 
data. In support of all scenarios involving significant 
starbursts, the average AGN host in both the evolved 
structures and the C11604 supercluster has substantial 
US absorption, which is a sign of recently quenched star 
formation. This is expected for green valley galaxies 
evolving onto the red sequence. Previous morphologica l 
analysis of part of our sample by lKocevski et ahl (|2009bl ) 
found that two-thirds of C11604 host galaxies studied 
showed signs of recent or pending mergers or tidal inter- 
actions, which is expected in the context of both major 
and minor merger theories. In addition, we find that at 
least nine of the 27 AGN host galaxies are part of a kine- 
matic close pair. In seven of these cases, the companion 
galaxy has a similar stellar mass or z' magnitude to the 
AGN host. While being far from conclusive due to sam- 
pling and selection effects, these results could point to a 
major merger scenario. 

iKocevski et all (|2009bD examined eight of the AGNs 
in C11604 and found that half of the hosts had 
blue cores in an otherwise red galaxy. Other stud- 
ies have also found blue cores or blue e arly type 
galaxies (jLee et all 120061: iMartel et all 120071) . These 
blue cores are pred i cted by minor merger simulations 
(|Mihos fc Hernquisti Il996f). a s well as the recycled gas 
models of iCiotti fc Ostrikerl (|2007f ). In addition simu- 
lations show that central black hole accretion is most 
highly correlated with star f ormation in the nucleus, as 
opposed to the entire galaxy dHopkins fc Quataertil2010l : 
Dia mond-Stanic fc Riekell201lD . During a major merger, 
star formation peak s at later times closer to the galactic 
core (|Hopkinsll2011l ). This could potentially create bluer 
cores as well. From our data, it seems our results are am- 
biguous with regards to the various scenarios. However, 
with evidence supporting more than one possibility, our 
results could indicate a combination of different trigger- 
ing mechanisms. 

These different AGN triggering mechanisms could also 
potentially explain some of the differences that we see 
between the evolved and unevolved structures. The 
second AGN mode, involving episodic nuclear activ- 
ity in red sequence galaxies fueled by minor merg- 
ers, or recycled gas, is expected to involve accretion 
rates at a much lower Eddingto n ratio than in ma- 
jor merger driven AGN activity dMarconi etaDHQOi 
IMerloni fc HeTnl [20081: |Hasmgd l2QQ8|) • While AGN lu- 
minosity depends on both the Eddington ratio and the 
black hole mass (|Kauffmann fc Haehneltl [2000h . lower 
Eddington ratios will, on average, correspond to lower 
luminosities. A difference in Eddington ratios could po- 
tentially explain the lower X-ray luminosities that we 
observe in the evolved structures, if our sample of host 
galaxies consists of a mix of the two AGN modes. In 
the unevolved structures, we would expect to observe 
more major mergers between blue cloud galaxies due to 
the larger fraction of blue galaxies, fueling the brightest 



AGNs in our sample. Since all of our structures have a 
substantial number of red-sequence galaxies we would ex- 
pect all structures to have galaxies undergoing the second 
mode of AGN activity, whether induced by minor merg- 
ers or, perhaps, recycled gas in ellipticals. We would then 
expect the X-ray luminosity distributions of the evolved 
and unevolved structures to look similar except for a tail 
of higher luminosity objects in the unevolved structures, 
which is roughly what we observe. While a combination 
of the two AGN modes considered could explain our re- 
sults, they could also be explained if major mergers were 
the primary driver, and the quasar mode is less dominant 
for the AGNs in the evolved structures, because of the 
larger red fraction therein. With our current data, we 
still lack the ability to distinguish between the different 
triggering mechanisms. Breaking the degeneracy will re- 
quire high-resolution imaging to examine the morpholo- 
gies of the AGN hosts and the colors of their cores in 
the structures other than C11604, as well as reliable stel- 
lar masses and HST data, for measuring bulge-to-disk- 
ratios, with which we could reliably calculate Eddington 
ratios. 

8. CONCLUSIONS 

In summary, we find that most X-ray AGN hosts, 
across all five structures, avoid the dense cluster cores, in 
agreement with a number of previous studies at a range 
of redshifts. We interpret this to mean that X-ray AGN 
activity is preferentially triggered in intermediate-density 
environments, such as the outskirts of clusters. We also 
find many AGN host galaxies in or near the green val- 
ley, with 36% within one red-sequence width of the lower 
boundary of the red sequence and 60% within two red- 
sequence widths. With numerous other studies finding a 
similar connection, this implies that there is an associa- 
tion between this transitional region and AGN activity. 

We divided our sample of five structures into two 
groups: the more and less evolved structures, which we 
separated using composite spectra made of all of their 
spectroscopically-confirmed member galaxies. We define 
the more evolved structures as those with member galax- 
ies that exhibit, on average, less [O II] emission and less 
US absorption, where the [O II] and US lines are taken as 
indicators of ongoing and recent star formation, respec- 
tively. The more evolved structures also have galaxy pop- 
ulations with a higher red fraction than the less evolved 
structures. Our spectral results indicate that the AGN 
hosts in the less evolved structures have more ongoing 
star formation, while those in the more evolved struc- 
tures have stronger average US features. Stronger US 
lines are indicative of star formation within the past ~1 
Gyr, and our results indicate starbursts occurred more 
recently in the AGN host galaxies in the less evolved 
structures. However, all of the AGN hosts, regardless of 
whether they are members of the more evolved or less 
evolved structures, are younger than the average galaxy 
in their parent population. 

We also found that AGNs in the less evolved struc- 
tures had more luminous X-ray emission. This may be 
expected, since these structures contain the highest frac- 
tion of blue galaxies which are likely to have larger reser- 
voirs of cool gas to fuel nuclear activity. If AGNs were 
triggered more recently in the less evolved structures, as 
the spectral data suggests, the difference in luminosity 
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could also be related to a transition from "quasar mode" 
emission in newly triggered AGNs to "radio mode" emis- 
sion at later times as supplies of inflowing cool gas are 
shut off. 

We consider several scenarios for AGN triggering that 
are in agreement with our results. AGNs are triggered 
by major mergers or tidal interactions between blue 
cloud galaxies and/or AGNs are triggered episodically in 
red-sequence galaxies, fueled by recycled stellar material 
or induced by minor mergers. Each of these scenarios 
could explain the association of AGN hosts with the 
green valley. Also, the US absorption we observe could 
be indicative of the quenching of star formation that 
drives galaxies across the green valley. A previou s study 
of the C11604 AGNs by IKocevski et all (l2009bD found 
that a majority of hosts had recent or pending mergers. 
Half of the hosts had blue cores in otherwise red galaxies, 
which could support the second two scenarios, although 
other explanations are possible. Some of our results, 
such as the difference in X-ray luminosities, could be 
explained if the AGNs in our sample were triggered by 
a mix of these modes, with a larger fraction of AGNs in 
the less evolved structures triggered by major mergers. 
However, we cannot distinguish between the triggering 
scenarios with our data, so the cause of the AGN activity 
is still ambiguous. Future work investigating AGN host 
morphologies, examining for blue cores, and calculating 
Eddington ratios could potentially break the degeneracy. 
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